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ABSTRACT 
 
Colloidal Silica Transport Mechanisms for Passive Site Stabilization of Liquefiable Soils 
 
Yuanzhi Lin 
 
Advisor:  Dr. Patricia M. Gallagher 
Dept. of Civil, Architectural, and Environmental Engineering 
Drexel University 
 
 
 
 
 
Passive site stabilization is a new ground improvement technique to mitigate 
earthquake-induced liquefaction risk at developed sites. It consists of long-distance 
permeation grouting in which colloidal silica grout is slowly injected into the soil through 
wells located at the up gradient edge of the treatment area. The stabilizer is transported to 
the treatment area by the groundwater. Transport is augmented by extraction wells at the 
down gradient edge of the treatment area. The practical feasibility of this technique 
depends on the ability to deliver the grout to the liquefiable soil formation efficiently and 
in an adequate concentration to stabilize the soil. The purpose of this research was to 
determine if colloidal silica grout can be delivered uniformly over long distances in an 
adequate concentration to stabilize the sand, to understand the mechanisms of colloidal 
silica transport through liquefiable sands, and to evaluate numerical modeling methods 
for simulating colloidal silica transport in the subsurface. 
A total of 20 column tests, including fifteen 3-foot, four 10-foot and one 30-foot 
column tests, were performed to investigate variables affecting colloid transport, 
including pH and ionic strength of the colloidal mixtures, viscosity and gelling behavior 
of colloidal silica, flow rate of the fluid and the type of the liquefiable media. Samples of 
 xiii
the treated soils recovered from the column tests after the colloidal silica gelled were 
tested for unconfined compressive strength. Numerical modeling of colloidal silica 
transport through the soil column using UTCHEM was also evaluated. 
Column tests showed that viscosity was the single most important factor governing 
transport of gelling colloidal silica grouts in saturated porous media. Colloidal silica was 
able to be delivered throughout the 3-foot, 10-foot and 30-foot columns in an adequate 
concentration as long as the viscosity remained low during injection. The ionic strength 
and pH affect transport of gelling colloidal silica grouts because they influence the gel 
time and hence viscosity of the grout. Hydraulic gradient and hydraulic conductivity of 
the porous media influenced the transport rate of colloidal silica grouts, but not as 
significantly as viscosity. Column tests also showed that normalized chloride 
concentration is an excellent indicator of the percentage of colloidal silica in solution. 
Numerical modeling of variable density and variable viscosity gelling fluids is very 
complex and challenging. UTCHEM was selected for use because it was reported to have 
a gelation module for polymers as well as the ability to handle variable density and 
variable viscosity fluids. However, numerical experiments indicated that UTCHEM is not 
suitable to model colloidal silica transport. The polymer gelation module is not applicable 
to the colloidal silica gelation mechanism. Additionally, the results of numerical 
predictions of flow through columns using variable density and variable viscosity options 
were unable to reasonably reproduce the experimental results. 
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CHAPTER 1. INTRODUCTION 
 
1.0. STATEMENT AND BACKGROUND OF THE PROBLEM 
Liquefaction is a phenomenon which can occur in loose, saturated, natural sand 
deposits and artificial sandy fills subjected to earthquake motions. It is commonly marked 
by a rapid and dramatic loss of soil strength due to build-up of pore water pressure during 
the undrained cyclic shear of saturated soils. Under cyclic loading, loose, cohesionless 
soils have a tendency to densify. When cohesionless soils are saturated and drainage of 
pore water is impeded, the pore pressure builds up, leading to a decrease in effective 
stress. The result is a loss of shear strength of soil with the potential for liquefaction. 
Ground failures associated with liquefaction are generally described as flow liquefaction 
and cyclic mobility (Kramer, 1996). Flow liquefaction is a severe soil instability 
phenomenon, producing large soil deformation. It happens when the pore water pressure 
exceeds the soil shear strength. Once this happens, the associated deformation is 
produced by static shear stress. Cyclic mobility occurs when the effective stress is still 
greater than 0 and the shear strength of soil remains greater than static shear stress 
(Kramer, 1996). Deformation accumulates during the cycles of shear stress due to cyclic 
and static stress. 
Earthquake-induced liquefaction and the devastating damage it can cause have been 
widely reported in recent decades and resulted in the development of the field of 
geotechnical earthquake engineering. Severe economic and life losses due to liquefaction 
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have occurred. For example, the 1964 Niigata earthquake (M=7.5) caused severe damage 
to buildings, quay walls, bridges and lifelines. The damage was attributed to extensive 
liquefaction and associated lateral spreading during the earthquake (Dickenson et al., 
2002). The damaged facilities were largely built on loose, saturated soil deposits. Bearing 
capacity failures, sand boils and lateral spreading were obvious as well. The 1995 Kobe 
earthquake (Mw = 6.9) killed more than 5,500 people, damaged over 200,000 buildings 
and caused about US $200 billion in damages (Akai et al., 1995). The most damage to 
buildings, highway structures, ports, and other waterfront facilities was associated with 
liquefaction of loose, saturated sandy fills (Dobry, 1995; Mitchell et al., 1995; Elgamal et 
al., 1996; Werner et al., 1997; Dickenson et al. 2002). More recently, the 2001 Bhuj 
earthquake (Mw=7.6) killed more than 19,000 people, injured about 166,000 and caused 
direct economic losses of more than US $5 billion (Bendick et al., 2001). Widespread 
liquefaction and associated phenomena were reported after the earthquake, with the 
extent of liquefaction reported to be tens of thousands of kilometers (Sarkar and Chander 
2003). 
Liquefiable soils are generally located in areas around rivers, lakes, coasts, water 
channels and other places where loose deposition and high water tables are prevalent.  
Soils that liquefy can experience large deformations and settlements, which can result in 
severe damage to critical structures and facilities, as well as floating of buried structures 
and lifelines, especially in developed areas. Lateral spreading, a related phenomenon 
characterized by lateral movement of intact soil blocks over shallow liquefied deposits, 
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can cause minor to extensive displacement. Bridges and gently sloping areas along 
waterfronts are most susceptible to damage by lateral spreading.  
Ground improvement can protect structures against earthquake-induced liquefaction 
and ground failure and significantly reduce settlements and lateral displacements 
(Mitchell et al., 1995). Of the ground improvement techniques for large, open and 
undeveloped sites susceptible to liquefaction, the simplest and easiest method is to 
densify the liquefiable soil. At developed sites, however, available ground improvement 
techniques are limited due to the presence of facilities (Table 1-1), as well as difficulties 
associated with operational disruptions during mitigation activities. Conventional 
mitigation strategies, such as underpinning, mini-piles, jet grouting, permeation grouting 
and compaction grouting, are either expensive, harmful for health reasons, or limited due 
to operational space limitations as well as the presence of facilities. Therefore, new 
non-disruptive mitigation strategies are necessary and attractive for constrained areas 
where access is difficult, if not impossible for conventional ground improvement 
methods. 
Passive site stabilization is a new non-disruptive treatment method for mitigating 
earthquake-induced liquefaction risk at constrained or developed sites. As illustrated in 
Fig. 1-1, a low-viscosity material is slowly injected into the liquefiable soil through wells 
located at the up gradient edge of the treatment area and transported down gradient by the 
groundwater augmented by extraction wells at the down gradient edge. Previous work 
established the preliminary feasibility of passive site stabilization by identifying a 
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suitable stabilizer, studying how to deliver the stabilizers to the right place at the right 
time, and evaluating potential time and cost requirements (Gallagher, 2000; Gallagher 
and Mitchell, 2002; Koch, 2002; Liao et al., 2003; Thevanayagam and Jia, 2003; 
Gallagher and Finsterle, 2004; Gallagher et al., 2006).  
Dilute colloidal silica was identified as a suitable stabilizer for passive site 
stabilization (Gallagher, 2000; Gallagher and Mitchell, 2002). Colloidal silica is an 
aqueous dispersion of silica nanoparticles that can be made to gel by adjusting the ionic 
strength or pH of the solution. Its properties will be discussed in details in Chapter 2. 
Liquefiable soils treated with dilute colloidal silica develop enough strength to mitigate 
the risk of liquefaction. Gallagher and Mitchell (2002) showed that sand samples treated 
with dilute 5 % by weight (5 wt %) colloidal silica developed unconfined compressive 
strengths of above 32 kPa, and were able to resist liquefaction adequately. Centrifuge 
model tests on sand grouted with dilute 5 wt % colloidal silica indicated that the treated 
sands did not liquefy and developed acceptable deformations during the shaking events 
(Koch, 2002; Gallagher et al., 2002; Pamuk et al., 2005). A full-scale field basting 
experiment performed by Gallagher et al. (2006) demonstrated that 2 of 10 meter thick 
liquefiable loose soil stabilized by about 8 wt % colloidal silica experienced about 30 cm 
of settlement compared to an adjacent untreated area with settlement of 50 cm during the 
blasting events. More detailed discussions about the properties of soils stabilized with 
colloidal silica are presented in Chapter 2. 
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Previous studies conducted to investigate the feasibility of delivering colloidal silica 
into soil formation for liquefaction risk mitigation include box modeling and a full-scale 
field test. Koch (2002) performed box model tests to investigate the delivery of colloidal 
silica through saturated loose sand, and indicated that the delivery of colloidal silica to 
fully cover the sand can be achieved. In a full-scale field experiment by Gallagher et al. 
(2006), colloidal silica was delivered into liquefiable soils in a treatment area of 9-m 
diameter to stabilize liquefiable soil. More detailed discussion about the delivery of 
colloidal silica is available in Chapter 3. 
The advantages of applying passive site stabilization include relatively simple 
installation, cost-effectiveness compared to underpinning or traditional permeation 
grouting, and minimal environmental concerns (Whang, 1995; Gallagher, 2000; 
Gallagher et al., 2006). Additionally, full access to the site would not be required and the 
material is nontoxic, causing minimal material handling concerns. However, the primary 
feasibility issue remaining is the ability to deliver the colloidal silica over long distances. 
For example, the colloidal silica must be transported over long distances in an adequate 
concentration and subsequently gel to stabilize liquefiable soil. The mechanisms of 
factors influencing colloidal silica transport must also be considered. A critical issue in 
transport is expected to be the variable viscosity of the gelling fluid. Additionally, 
numerical modeling of the transport of a gelling fluid is very complex. These issues were 
investigated in this research. 
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1.1. OBJECTIVES AND SCOPE OF RESEARCH 
The overall objective of this research is to evaluate the mechanisms of colloidal silica 
transport through liquefiable soil formations for use in passive site stabilization. The 
main goals of the research were: 
• to determine if colloidal silica grout can be delivered uniformly to a column of 
liquefiable soils in an adequate concentration to stabilize the sand, 
• to understand the mechanisms of colloidal silica transport through liquefiable 
sands,  
• to evaluate numerical modeling methods for simulating colloidal silica 
transport in the subsurface. 
To achieve these goals, the research work included: 
• 3-foot (short) column tests to study the feasibility of uniformly delivering 
colloidal silica into soil columns, to understand the transport mechanisms and 
to identify the variables influencing the transport of colloidal silica in porous 
media, 
• 10-foot and 30-foot (long) columns tests to investigate if the colloidal silica 
grout could be transported over long distances with adequate concentration to 
stabilize the soil and to further understand the colloidal silica transport 
mechanisms, 
• Unconfined compression tests to evaluate the degree of soil stabilization 
achieved, 
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• Numerical simulation trials to evaluate the reservoir simulator UTCHEM for 
modeling colloidal silica transport. 
A total of 20 column tests were conducted in which liquefiable soils were treated with 
dilute colloidal silica grout. Fifteen 3-foot, four 10-foot and one 30-foot column tests 
were performed. In the short column tests, variables affecting colloid transport, including 
pH and ionic strength of the colloidal mixtures, viscosity and gelling behavior of 
colloidal silica, flow rate of the fluid and the type of the liquefiable media, were 
investigated. In the long column tests, two types of liquefiable media were treated to 
study the transport behavior of colloidal silica over long distances. Samples of the treated 
soils recovered from the column tests after the colloidal silica gelled were tested for 
unconfined compressive strength. Finally, numerical modeling of colloidal silica 
transport through the soil column using UTCHEM code was evaluated. 
 
1.2. ORGANIZATION 
Chapter 2 discusses the properties of colloidal silica and soils stabilized with it. 
Chapter 3 is a review of transport mechanisms of colloidal particles in saturated porous 
media and previous studies on the applications of colloidal silica for the purposes of 
contaminant fixation, flow control and liquefaction mitigation. Chapter 4 presents the 
testing results from the short column tests. The results of the long column tests are 
presented in Chapter 5. Chapter 6 discusses the trials of modeling the transport of 
colloidal silica through the column soils mathematically and evaluates the numerical 
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model UTCHEM. Finally, Chapter 7 summarizes the findings and conclusions of the 
research and indicates the recommendations for future research.  
 9
Table 1-1. Liquefaction Mitigation Methods (after Thevanayagam and Jia 2003) 
 
Soil Type 
Technique 
Sand Silty sand Silt 
Accessibility To 
Developed Area
Dynamic compaction yes Feasible Feasible no 
Densification 
Vibro-densification yes Feasible Feasible no 
Densification/ 
drainage/ 
reinforcement 
Vibro-stone column yes Feasible Feasible no 
Permeation grout yes uncertain no yes 
Compaction grout yes yes margin yes 
Soil mixing yes yes yes no 
Jet grout uncertain yes yes yes 
Electro-kinetic injection yes yes yes yes 
solidification 
Passive site 
stabilization 
yes Depends on 
hydraulic 
conductivity
Depends on 
hydraulic 
conductivity 
yes 
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Fig. 1-1. Passive site stabilization concept 
 
 
 
 11
CHAPTER 2. PROPERTIES OF COLLOIDAL SILICA AND STABILIZED 
SOILS 
 
2.0. INTRODUCTION 
As described in Chapter 1, colloidal silica has been identified as stabilizer for passive 
site stabilization to mitigate the liquefaction risk. In this chapter, properties of colloidal 
silica, including gelation mechanisms, gelation behaviors, factors affecting gelation, gel 
time control techniques in field applications and strength of gel, are discussed. The 
properties of soils treated with colloidal silica, including liquefaction resistance, strength, 
hydraulic conductivity and long term performance, are also reviewed. 
 
2.1. PROPERTIES OF COLLOIDAL SILICA 
2.1.1. Gelation Mechanisms and Behaviors 
Colloidal silica is an aqueous dispersion of microscopic silica particles produced from 
saturated solutions of silicic acid. The particles are generally between 7 and 22 nm in size. 
It is nontoxic, biologically and chemically inert, and has excellent durability 
characteristics (Iler 1979; Whang 1995). 
During manufacturing, colloidal silica solutions are stabilized against gelation. 
Alkaline solutions are used to cause the particles to ionize and repel each other. Gelation 
can be induced by reducing the repulsive forces in a controlled manner, which allows the 
colloidal particles to gel. Gelation is a process of the change of a colloidal silica solution 
to a gel-like solid. From the microscopic views (Iler, 1979), the surface of silica (SiO2) 
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particles is hydrated as SiOH and negatively charged. The repulsive forces between these 
negative charged particles prevent them from colliding with each other. The reduction of 
the repulsive forces leads to the collision of the particles with each other or gelation. 
During gelation, siloxane bonds (Si-O-Si) form between the particles. The colloidal silica 
particles gel into chainlike structures first and then into uniform three-dimensional 
networks, and continue to aggregate until the gelling process is complete.  
Ludox® SM-30 is the colloidal silica used in this research. As delivered, it has a 
viscosity of 5.5 cP (Dupont, 1997). When diluted to 5 wt %, the viscosity is about 1.5 to 
2 centipoise (cP), where water is 1 cP (Gallagher, 2000). After dilution and prior to 
gelation, there is an initial period where the viscosity remains low, followed by a rapid 
rise in viscosity and subsequent gelation, as shown in Fig. 2-1. After gelation, a firm, 
resonating gel forms. The gel time is defined as the amount of time between mixing and 
the formation of a firm gel. The shape of the gel time curve is similar regardless of gel 
time (Jurinak et al., 1989; Persoff et al., 1999; Gallagher, 2000; Koch, 2002). 
Having a viscosity similar to water is important for the colloidal silica to be delivered 
to the desired area of a project site via groundwater flow (Gallagher, 2000; Koch, 2000; 
Gallagher et al., 2006). Colloidal silica dispersions can have long, controllable gel times 
of up to a few months (Jurinak et al., 1989; Persoff et al., 1999; Gallagher, 2000; Koch, 
2002). During much of this time, the viscosity remains low and the colloidal silica can 
travel through the formation. The viscosity and gel time characteristics make colloidal 
silica attractive as a stabilizer. 
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2.1.2. Factors Influencing Gel Time 
The gel time of colloidal silica depends on the rate of particle-to-particle interaction, 
which depends on several variables, including the weight of silica in the dispersion, silica 
particle size, ionic strength, pH and others. Gel time decreases with increasing percentage 
of silica, increasing particle size, and increasing ionic strength (DuPont, 1997). For 
colloidal silica with a constant colloid size that is diluted to a constant wt %, the primary 
variables influencing gel times are ionic strength and pH. 
 
2.1.2.1. Effects of Ionic Strength on Gel Time 
The increase of the ionic strength by the addition of the electrolytes to the colloidal 
silica dispersion shrinks the double layer around the particles, increasing the probability 
of interparticle collisions and reducing gel time. Therefore, factors that influence ionic 
strength also influence gel time. These include type of electrolytes, weight percent of ions 
in solution, as well as cation valence. 
A salt like sodium chloride or ammonium chloride is used to control the gelation of 
colloidal silica solution (e.g., Jurinak et al., 1989; Noll et al., 1992; Gallagher, 2000; 
Koch, 2002), as summarized below: 
• Jurinak et al. (1989) showed in a laboratory study of gelation of Ludox® SM 
that increasing NaCl concentration from 0.05 M to 0.2 M resulted in a gel time 
reduction of 7.5 to 1.2 hours for a 10 wt % colloidal silica with pH 7.5. 
 
 14
• Bench-scale gel tests by Noll et al. (1992) indicated that increasing the NaCl 
concentration from 0.3 M to 0.4 M reduced the gel time from 7.5 to 3.8 hours 
for a 5 wt % Ludox® SM solution with a pH of 7.0. 
• Gallagher (2000) reported that increasing the NaCl concentration from 0.03 N 
to 0.1 N decreased the gel time from about 400 days to about 5 days for a 5 wt 
% Ludox® SM colloidal silica with a pH of 7.0. 
• Koch (2002) showed that increasing the NaCl concentration from 0.1 N to 
0.15 N decreased the gel time from 10 days to 2.4 days for a 5 wt % Ludox® 
SM colloidal silica with a pH of 7.0. 
The type and amount of polyvalent cations like Ca2+ present in the groundwater can 
affect the gelation of the colloidal silica due to their stronger effect on the double layer 
(Persoff et al., 1994; Persoff et al., 1998; Noll et al., 1992). Persoff et al. (1994) and 
(1998) investigated the effects of divalent cations on the gelling of Ludox® SM colloidal 
silica solution and found that the presence of Ca2+ or Mg2+ caused the premature gelling 
of the colloidal silica solution. Noll et al.’s (1992) research showed the following: 
• The presence of Ca2+ led to rapid gelling of colloidal silica solution in the 
basic pH range, but had little effect on the gelling of colloidal silica solution in 
the acid pH range. 
• Al3+ had a detrimental effect on gel formation of colloidal silica because the 
addition of aluminum caused the pH to drop rapidly, resulting in colloidal 
silica precipitating swiftly.  
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• Low levels of some polyvalent metals such as Cr3+, Pb2+ and Zn2+ in solution 
did not significantly accelerate the formation of a silica gel. 
 
2.1.2.2. Effects of pH on Gel Time  
Several researchers have shown that the minimum gel time of colloidal silica can be 
achieved by adjusting the pH of colloidal silica solution to between 5 and 7 (Jurinak et al., 
1989; Noll et al., 1992; DuPont, 1997; Gallagher, 2000; Koch, 2002). Examples of these 
results are summarized below:  
• Jurinak et al. (1989) illustrated that a minimum in gel time of colloidal silica is 
generally exhibited in the range of 5<pH<7. Outside this range, gel time can 
increase significantly. The researchers also indicated that in a pH range of 
between 2 and 5, the gel time decreased with increasing pH. 
• Noll et al. (1992) investigated the effects of pH on gel time of Ludox® SM 
colloidal silica in a series of bench-scale tests. The minimum gel times were 
found to occur in the pH range of 6 to 7. The researchers also reported that the 
gel time of 5 wt % of Ludox® SM colloid silica could range from 20 minutes 
to more than 49 days for pH between 5 and 9.5. 
• Noll et al. (1992) and Jurinak et al. (1989) both showed that as the pH 
increases above 7, the silica particle surfaces were progressively ionized, 
promoting charge repulsion and increasing the gel time. 
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2.1.2.3. Effects of Other Variables on Gel Time 
Other variables affecting colloidal silica gelation include soil type and the presence of 
organic material in the soil formation. Soils with variable chemical compositions or 
organics can either accelerate or delay the gelation rate of colloidal silica, resulting in 
loss of control over the gel time.   
Persoff et al. (1994) observed that Hanford sand accelerated the gelation of Nyacol 
1440 colloidal silica due to the chemical interactions between divalent cations in the soil 
and the colloidal silica grout. The presence of Ca2+ in the soil increased the ionic strength 
and charge density of the colloidal silica solution, thus compressing the double layers 
surrounding the colloidal silica particles and facilitating premature gelation. 
Persoff et al. (1999) investigated the effects of soil and contaminants on gel time of 
Ludox® SM colloidal silica. The gel time of colloidal silica diluted to 27 wt % was 
examined in the presence of Monterey sand, Trevino sandy loam and non-aqueous phase 
liquids (NAPLs). The research showed the followings: 
• Little difference was observed in the gelling rates of colloidal silica with and 
without Monterey sand 
• The presence of Trevino soil accelerated the gelation due to the presence of a 
high cation exchange capacity and large calcium content in the soil. 
• The presence of NAPLs [aniline, perchloroethylene (PCE) and carbon 
tetrachloride (CCl4)] showed that PCE and CCl4 had little effect on the 
gelation of colloidal silica, but the aniline accelerated the gelation. 
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Durmusoglu and Corapcioglu (2000) performed batch and viscosity experiments on 
Nyacol 1440 colloidal silica, and showed that the presence of Vulcan sands increased the 
gel time of colloidal silica. For example, a colloidal silica solution with a NaCl 
concentration of 4 % NaCl gelled in 15 minutes in the presence of Vulcan sands, versus 
30 minutes without the Vulcan sand. The researchers surmised that the accelerated 
gelation was due to the replacement of Na+ ions by divalent or multivalent cations like 
Ca2+ or Mg2+, which increased the ionic strength and compressed the double layer. 
 
2.1.3. Gel Time Control Techniques in Field Applications 
For field applications in which colloidal silica is delivered through saturated soils or 
other porous media, gel time control is extremely important. Otherwise, the silica may gel 
before it reaches the desired areas in the field. In situations where the porous medium or 
groundwater can influence the gel time, appropriate steps must be taken to achieve a 
controllable gel time. Work by Jurniak et al. (1989) and Persoff et al. (1994) reported 
some techniques, as described below.   
In oilfield applications, Jurinak et al. (1989) observed that the negative influence of 
polyvalent cations or other variables such as organics on gelation can be overcome by 
preflushing with a mixture of drinking water and food-grade sodium chloride.  
Persoff et al. (1994) performed laboratory tests to investigate gel time control 
techniques to prevent the premature gelation of colloidal silica for the purpose of creating 
contaminant barriers under tanks storing radioactive and hazardous waste. The soils are 
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rich in calcium carbonate and smectites, which could cause ion exchange and thus 
premature gelation of colloidal silica grout. The researchers showed that the gel time of a 
Nyacol 1440 colloidal silica could be controlled by displacing the divalent or multivalent 
cations in soils or using NaF instead of NaCl in the formula of colloidal silica grout. 
Displacing divalent or multivalent cations was achieved by preflushing using a NaCl  
solution or using diluted colloidal silica solution prior to grouting. Preflushing the soil 
using NaCl solution displaces and washes away the divalent cations to create similar, or 
nearly similar, gelling conditions for the colloidal silica grout. However, this method may 
mobilize contaminants in the subsurface. To avoid mobilizing contaminants, preinjecting 
diluted colloidal silica solution can be used to displace the cations. The diluted colloidal 
silica solution will eventually gel and prevent contaminants from mobilization. 
One way to avoid preflushing is to use NaF instead of NaCl in forming the colloidal 
silica grout. When colloidal silica grout with NaF is injected into soils, Na+ will be 
exchanged and F- will complex the major divalent cations to form fluorine compounds. 
The fluorine compounds may precipitate and/or will not affect gelation behavior. This 
will leave enough cations to allow the colloidal silica solution to gel but slower. In 
addition, NaF is toxic and may not be allowed for field applications. 
 
2.1.4. Strength of Colloidal Silica Gel 
The strength of pure colloidal silica gel itself is low. Vane shear tests on pure 
colloidal silica gel prepared from Perma Rock AT-30 colloidal silica showed that gel 
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strength increased slowly from 6 kPa after 7 days to 18 kPa after 28 days (Liao et al. 
2003). By comparison, unconfined compressive strength of soils treated with the same 
colloidal silica increased from 113 kPa (7 days curing time) to 141 kPa (28 days curing 
time). 
 
2.2. PROPERTIES OF SOIL TREATED WITH COLLOIDAL SILICA 
Studies over the last decade have shown that liquefiable soils stabilized with colloidal 
silica grout have substantially improved liquefaction resistance, increased unconfined 
compression strength, reduced settlement and reduced hydraulic conductivity. The 
mechanism of improved deformation resistance is thought to be bonding between the gel 
and individual sand particles (Gallagher et al. 2006). In addition, the gel encapsulates the 
individual sand particles. This bonding and encapsulation maintains the soil structure 
under static and dynamic loading.  
 
2.2.1. Liquefaction Resistance 
For the purposes of the research presented herein, the most significant property of the 
treated sand is improved liquefaction resistance. Several previous studies showed that the 
treated sand exhibited significantly higher liquefaction resistance than untreated sand 
(Gallagher, 2000; Towhata and Kabashima, 2001; Koch, 2002); Gallagher et al., 2002; 
Gallagher and Mitchell, 2002; Kodaka et al., 2003; Liao et al., 2003; Diaz-Rodriguez and 
Antonio-Izarraras, 2004; Pamuk et al., 2005; Gallgher et al., 2006). The testing 
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techniques used in these studies included cyclic triaxial, cyclic torsional shear and cyclic 
simple shear tests, as well as centrifuge modeling and full-scale field blasting. These tests 
demonstrated the significant increase in the number of loading cycles and reduction in the 
development of soil deformation or settlement. The remainder of this section summarizes 
these tests. 
 
2.2.1.1. Cyclic Triaxial Tests 
The deformation resistance of liquefiable sands stabilized by colloidal silica was 
investigated by Gallagher (2000) and Gallagher and Mitchell (2002) using cyclic triaxial 
tests. In these experiments, Monterey 0/30 sand at a relative density of 22% was treated 
with Ludox® SM colloidal silica with a particle diameter of 7 nm. The stabilized samples 
were treated using colloidal silica concentrations of 5, 10, 15 and 20 wt %. Untreated 
sand experienced rapid, large strains and collapsed shortly after liquefaction was 
triggered. Treated sand exhibited very little strain during the cyclic loading and the strain 
accumulated uniformly throughout loading rather than rapidly prior to collapse. As 
concentration of colloidal silica increased, the treated sand tolerated the cyclic loading 
better and experienced less axial strain. For example, samples treated with 5 wt % 
colloidal silica showed axial strains of up to 12% after 100 cycles at cyclic stress ratios 
(CSR) between 0.15 and 0.29. The samples remained intact throughout and after the 
testing. The cyclic stress ratio is defined as the ratio of the maximum cyclic shear stress 
to the initial effective confining stress. When 20 wt % colloidal silica was used, less than 
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0.5% axial strain occurred after 1000 cycles at a CSR of 0.4. For comparison, a 
magnitude 7.5 earthquake would be expected to generate about 15 uniform stress cycles.  
Towhata and Kabashima (2001) conducted cyclic triaxial tests on anisotopically 
consolidated samples of Toyoura sand at a relative density of 40% that were treated with 
4.5 wt % colloidal silica. Prior to cyclic loading, the specimens were consolidated 
anisotropically under an axial stress of 100 kPa and a radial stress of 50 kPa. The grouted 
samples did not develop large deformation after about 100 cycles, and had a greater 
modulus of deformation than an untreated sample. The modulus of the treated sample 
remained unchanged with and without cyclic loading. Towhata and Kabashima (2001) 
also demonstrated that the treated sample behaved similarly to that of much denser sand: 
the sand treated with 4.5 wt % colloidal silica behaved equivalently to a sand with 
relative density between 75 and 78%. 
Liao et al. (2003) studied the liquefaction resistance of sand treated with colloidal 
silica after the 1999 Chi-Chi earthquake in Taiwan for potential use in improving the 
performance of in situ soil. Undrained cyclic triaxial tests were used to study the 
performance of fill sand grouted with Perma Rock AT-30 colloidal silica with 50% 
volumetric concentration (mixing with 50% volume of water and 50% volume of 
colloidal silica product). The samples were prepared by injecting colloidal silica grout 
into split molds from the bottom and letting it overflow at the top. The molds were 
packed dryly with hydraulic fill from the west coast of Taiwan. The hydraulic fills had 
specific gravity of 2.72, a uniformity coefficient of 4.12, a curvature coefficient of 1.238, 
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and maximum void ratios of 0.996 and 0.485, respectively. Samples were prepared at a 
relative density of 50% and the gel time of the colloidal silica was 8 minutes. Before 
applied by the cyclic loads, the sample was saturated for 4 hours to reach a B value 
greater than 0.95 using a back pressure of 190 kPa. Then the sample was consolidated at 
a pressure of 98 kPa. The cyclic loads were applied at a frequency of 0.5 Hz. The testing 
results showed the followings: 
• The liquefaction resistance of the grouted soil increased between 4 and 7 times 
that of untreated soil; 
• The cyclic stress ratio (the ratio of cyclic deviator stress to the double of the 
average effective confining pressure) of the grouted soil increased from 8% to 
14% duringthe curing time of 7 days to 28 days;  
• Compared to untreated soil, grouted soils withstood many more loading cycles 
before reaching initial liquefaction. For example, grouted soil cured for 28 
days required more than 50 cycles at a defined cyclic stress ratio f 0.7 to 
initiate liquefaction, compared to 5 cycles at a defined cyclic stress ratio of 
0.15-0.2 for untreated soil;  
• Before liquefaction, the axial deformation of grouted soil under cyclic loading 
increased gradually instead of increasing rapidly like untreated soil behaved 
when liquefaction was initiated. Liquefaction-induced strain untreated sand 
was about 16%, which was 1.6 times that of grouted soil curved for 28 days. 
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2.2.1.2. Cyclic Undrained Torsional Shear Test 
Kodaka et al. (2003) investigated the deformation and strength characteristics of 
Toyoura sand stabilized by colloidal silica using cyclic undrained torsional shear tests. 
The sand used in the studies was poorly graded Toyoura sand with D50 of 0.2 mm, Cu of 
1.6 and Dr of 40%. The sand was treated with 4 wt % colloidal silica with an average 
particle size of 10 nm. Testing results showed:  
• The untreated sand developed very little shear strain before liquefaction. 
However, once liquefaction initiated, large strains occurred rapidly; 
• The double amplitude shear strain of treated sand developed very slowly with 
cycle number increase compared to untreated sand;  
• Compared to the untreated sand, 4 wt % grouted sand could withstand higher 
double cyclic shear stress ratio under the same loading cycles and same shear 
strain. These results indicated that liquefaction resistance of the colloidal silica 
grouted sand improved significantly. 
 
2.2.1.3. Cyclic Simple Shear Test 
Diaz-Rodriguez and Antonio-Izarraras (2004) performed stress-controlled cyclic 
simple shear tests. Liquefiable natural sand was obtained from the Port of Lazaro 
Cardenas, Mexico. It had the index properties of Gs=2.67, Cu=2.71, emax=1.71 and 
emin=0.77. Samples with relative densities of 40, 60, 80 and 100% were prepared without 
colloidal silica stabilizer. Samples with a relative density of 40% were also prepared by 
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pluviating the sand into colloidal silica grout with different concentrations of 10, 15, and 
20%, with curing times fixed at 3 days. 
The results from the tests of CSR of 0.4 on the unstabilized and 20 wt % colloidal 
silica-stabilized samples showed that initial liquefaction occurred after 3.5 and 40 cycles 
for the untreated and treated samples, respectively, where initial liquefaction was defined 
as excess pore pressure equal to the effective vertical stress. At 3.5 cycles, the excess 
pore water pressure in the stabilized sample was only about 1/3 of that in the untreated 
sample. The results also demonstrated that the shear strain of untreated samples 
developed rapidly while stabilized samples experienced a slow and uniform increase in 
strain.  
In addition, the pore water pressure ratio increased more slowly and became smaller 
with increasing colloidal silica concentration. At a CSR of 0.5, tests on stabilized samples 
with a concentration of 10 wt % colloidal silica indicated pore water pressure ratios of 
0.29 and 0.58 after the first and second cycles, respectively, with liquefaction occurring 
at 6th cycle. A similar sample treated with 20 wt % colloidal silica had pore water 
pressure ratios of 0.09 and 0.19 after the first and second cycles, respectively, with 
liquefaction occurring after 28 cycles. The tests also showed that the double amplitude 
shear strain changed in a similar manner to pore water pressure ratio. For example, the 
sample with 10 wt % colloidal silica developed about 3.5% strain at first loading cycle, 
4.3% at the second, and 7.2% at the sixth, while the sample with 15 wt % colloidal silica 
experienced 2.8% strain at first cycle, 3% at the second and 6% at the 23rd. 
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2.2.1.4. Centrifuge Tests 
Koch (2002), Gallagher et al. (2002) and Gallagher et al. (in press) performed 
centrifuge modeling using Nevada 120 sand at a relative density of 40%, stabilized by 6 
wt % Ludox® SM colloidal silica. The laminar box model (46 cm long x 37 cm wide x 
26cm high) housed a 20-cm-thick sand profile was grouted prior to the shaking events. At 
a centrifugal acceleration of 50 g, the sand profile simulated a prototype thickness of 10 
m. Two separate shaking motions, corresponding to 20 cycles of shaking with uniform 
peak acceleration of 0.2 g and 0.25 g in prototype units, were input to shake the model 
in-flight. No liquefaction of treated soil was observed during either shaking event. The 
shaking induced settlements at the center of model were about 3 cm (0.3% strain) at the 
first shaking and less than 1 cm (0.1% strain) at the second shaking, which are much 
smaller than those of untreated sands (3 to 6% strain) in similar centrifuge tests. 
Gallagher et al. (2002) also observed acceleration amplifications to depths of 2 m and 4 
m during the first and second shaking events, respectively. The amplification was thought 
to be caused by degradation of interparticle bonding provided by colloidal silica grout. 
Pamuk et al. (2005) conducted centrifuge model tests to study the effect of colloidal 
silica treatment in reducing liquefaction-induced lateral spreading to a group pile 
foundation. The two models (35.5 cm wide × 71 cm long × 35.5 cm high) were filled 
with about 20-cm-thick soil, corresponding to a prototype thickness of 10 m at 50 g. The 
model consisted of a three-layer soil profile with a 2 × 2 end-bearing pile group and a pile 
cap. A 6.0-m-thick middle layer of loose Nevada sand (Dr=40%) was sandwiched 
 26
between two 2.0-m-thick lightly-cemented layers. The loose sand layer was untreated in 
one model and treated with 6 wt % Ludox® SM in the other. The soil profiles in both 
models were inclined 2o to the horizontal, corresponding to the inclination of 5o in the 
field at 50 g acceleration. The group pile foundation comprised a cap with dimensions of 
3.0 m (W) × 3.0 m (L) × 0.7 m (H) in prototype units and plastic rods with prototype 
diameter of 60 cm and bending stiffness of 8000 kN-m2. The models were shaken with 
an input motion corresponding to 30 cycles with a uniform prototype peak acceleration 
of 0.25 g and a prototype frequency of 2 Hz. 
The centrifuge testing showed that the treated soil did not liquefy and soil stiffness 
and strength were maintained throughout the test. Compared to the untreated soil, both 
free-field and pile foundation displacements in the treated soil were reduced by 
approximately 95%. In addition, the bending moments of piles in treated model were 
reduced by as much as 97% compared to the untreated model. Therefore, treatment with 
dilute colloidal silica can significantly mitigate the liquefaction risk of loose, saturated 
soil, and thus minimize the damage to pile systems during shaking events. 
 
 
2.2.1.5. Full-Scale Field Tests 
Gallgher et al. (2006) performed a full-scale field experiment to assess the 
performance of dilute colloidal silica stabilizer in reducing the settlement of liquefiable 
soil. The soil profile contained a 10 m thick layer of loose, liquefiable saturated sand at 
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depths between about 5 and 15 m. The void ratio and the relative density of the 
liquefiable sand layer were about 1.0, and 0.40 to 0.45, respectively. The stabilizer used 
was Ludox® SM-30, which was diluted to about 8 wt % for the experiment. The upper 2 
meters of the liquefiable layer were treated using injection wells around a 9-m-diameter 
treatment area.  
After treatment, controlled blasting was used to simulate liquefaction of the loose 
sand layer. The results showed that the blasting produced approximately 30 cm of 
settlement in the treated area while the settlement of a nearby untreated area was about 50 
cm. It was thought that the settlement in the stabilized area occurred in the 8-meter-thick 
underlying untreated layer and the reduced settlement was attributed to the treatment. A 
few cracks up to a few centimeters deep were observed across the treatment area due to 
the differential settlement between the stabilized and unstabilized zones.  
 
2.2.2. Static Strength 
The static strength of soil treated with colloidal silica has been evaluated using 
unconfined compression tests (UC test) and monotonic torsional shear tests. The UC test 
is the most commonly method used because it is a simple index test that can be used as a 
correlation between treatment level and expected cyclic performance.  
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2.2.2.1. Unconfined Compressive Strength  
The UC test has been widely used to evaluate improvement effects of sand grouted by 
colloidal silica. Studies by Yonekura and Kaga (1992), Yonekura and Miwa (1993), 
Persoff et al. (1999), Gallagher and Mitchell (2002) have shown that the strength of soil 
treated with colloidal silica grout depends on the grout concentration, soil type and curing 
time. In general, the UC strength of treated sand increases with the grout concentration 
and curing time. 
Yonekura and Miwa (1993) and Yonekura and Kaga (1992) did UC tests on fine and 
medium size sands grouted by about 32 wt % colloidal silica solution. The fine sand had 
a grain size ranging from 0.074 – 2 mm, a specific gravity of 2.69, and maximum and 
minimum void ratios of 0.908 and 0.451, respectively. The medium sand had a grain size 
ranging from 0.42– 2 mm, a specific gravity of 2.69, and maximum and minimum void 
ratios of 0.961 and 0.646, respectively. Samples were cured in a constant temperature and 
humidity room for periods ranging from 7 to 1000 days. The unconfined compressive 
strengths ranged from about 335 kPa at 7 days to 1197 kPa at 1000 days. These results 
indicated that the unconfined compressive strength of sands increased not only gradually 
but also continuously to reach almost four times the initial strength after 1000 days. The 
testing results by Yonekura and Kaga (1992) also showed that the unconfined 
compressive strength (146 kPa) of the loose medium size sand (Dr=20%) treated with 32 
wt % colloidal silica was lower than that (161 kPa) of the treated fine sand with same 
relative density. However, the dense treated mediu-size sand with Dr=80% (UC strength 
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= 216 kPa) was stronger than treated fine sand with the same relative density (UC 
strength = 179 kPa). 
Persoff et al. (1999) carried out UC tests on Lapis Luster Monterey 0/30 silica sand 
and Trevino sandy loam grouted with Ludox® SM colloidal silica with concentrations 
ranging from 5 wt % to 27 wt %. The Monterey sand had d10 = 0.35 mm and d50 = 0.49 
mm. The Trevino sandy loam consisted of 53% sand, 42% silt and 6% clay and had a 
cation exchange capacity of 16.3 meq/100g and a pH of 8.2. They found that the UC 
strength of the treated sand (7 days curing) was linearly proportional to the concentration 
of the colloidal silica, up to maximum of 400kPa for the samples treated with 27 wt % 
colloidal silica. 
Gallagher (2000) and Gallagher and Mitchell (2002) conducted UC tests on grouted 
sand samples both before and after cyclic loading. The samples were prepared using 
Monterey 0/30 sand treated with Ludox® SM colloidal silica at concentrations between 5 
and 20 wt %. The results showed that UC strength was a function of increasing silica 
content. The UC strengths of the treated sand samples not subjected to cyclic ranged from 
32 kPa to 110 kPa as the concentration increased from 5 to 15 wt %. After cyclic loading, 
the UC strength depended on the strain that developed during cyclic loading. Samples 
were weaker if larger strains developed during cyclic loading. For a sample treated with 5 
wt % colloidal silica that experienced less than 1% strain during cyclic loading, the UC 
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strength was about 85% compared to the static strength prior to cyclic loading. A sample 
that experienced cyclic strains of more than 5% strain had about 40% of the static UC 
strength. 
   
2.2.2.2. Monotonic Torsional Shear Tests 
Kodaka et al. (2003) conducted monotonic undrained hollow cylinder torsional shear 
tests to investigate the performance of colloidal silica grouted sand and ungrouted sand. 
The sand used in the studies was the poorly graded Toyoura sand with D50 of 0.2 mm, Cu 
of 1.6 and Dr of 40%. The samples were treated with 4 wt % colloidal silica with an 
average particle size of 10 nm. Under effective stresses of 50 kPa, 100kPa and 200 kPa, 
respectively, both treated and untreated samples were sheared at a constant shearing 
strain rate of 0.5%/min. The results of torsional shear tests showed a considerable 
increase in shear strength of colloidal silica grouted sand compared to untreated sand. For 
an example, the shearing strength of the treated soils under the effective stress of 100 kPa 
was about 180 kPa at the shearing strain of 5%, while the untreated soil under the same 
effective stress had only about 50 kPa at the same shearing strain. 
 
2.2.3. Hydraulic Conductivity 
The hydraulic conductivity of treated sand is dramatically lower than untreated sand.  
The mechanisms of hydraulic conductivity reduction can be explained by considering 
that the flow must occur through a network of gelled colloidal silica chains (Persoff et al., 
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1999). When the pores of soils are filled by the gelled colloidal silica, the macropores of 
the soil are changed to micropores within the gelled colloidal silica. As a result, water 
will be subjected to increased viscous dragging forces as it flows through the network of 
gelled particle chains. In addition, the length of the flow path also increases dramatically. 
The combined effect of these factors is a significant reduction in hydraulic conductivity.  
Noll et al. (1992) performed bench-scale hydraulic conductivity reduction tests on the 
sands treated by diluted 5 wt % Ludox® SM colloidal silica. The comparison of the 
results before and after treatment showed a 3 to 4 order of magnitude decrease in 
hydraulic conductivity from the range between 10-4 and 10-3 cm/s to the range between 
10-8 and 10-7 cm/s. In pilot tests on a masonry sand barrier created with 5 wt % Ludox® 
SM colloidal silcia, the hydraulic conductivity was reduced from 3.0 × 10-2 cm/s for the 
untreated sand to 4 × 10-6 cm/s for the grouted barrier. 
Moridis et al. (1996) conducted hydraulic conductivity tests on samples excavated 
from barrier field experiments in which 30 wt % Nyacol DP5110 colloidal silica was 
used to treat heterogeneous alluvial deposits consisting of clay, silt, sand and gravel. 
Hydraulic conductivity tests on the excavated samples showed that the hydraulic 
conductivity of grouted sand was reduced at least by two orders of magnitude from 10-2 
cm/s for the untreated soil to 10-4 cm/s for the treated soil. They also found that the 
hydraulic conductivity of colloidal silca-grouted soil was affected by the degree of 
colloidal silica saturation in the pore space. To investigate this effect, hydraulic 
conductivity tests were done on grouted samples excavated from the field, and on those 
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treated by injecting colloidal silica into sandpacks or pouring sand into colloidal silica 
grout in laboratory in order to maximize the filling of colloidal silica in pore spaces. The 
results showed that hydraulic conductivity of laboratory grouted samples (10-8 cm/s) was 
4 orders lower than that of excavated field samples (10-4 cm/s). 
Persoff et al. (1999) investigated the effects colloidal silica on the hydraulic 
conductivity of Montery No. 0/30 sand and Trevino sandy loam. Ludox® SM was used in 
concentrations ranging from 5 to 27 wt %. The results of the experiments showed that the 
hydraulic conductivity of the treated sand was reduced to a minimum of 2x10-9 cm/s in a 
nearly log-linear manner with increasing concentration of colloidal silica, and was below 
1x10-7 cm/s for treated sand with 7.4 wt % silica or more. 
For the purpose of studying the formation of horizontal contaminant barriers, 
Durmusoglu and Corapcioglu (2000) conducted a series of column tests to investigate 
hydraulic conductivity reduction of sands grouted with 40 wt % Nyacol 1440 colloidal 
silica. Uniform Vulcan #1 and #3 silica sands with grain sizes between 0.15 and 0.85 mm 
and between 0.3 and 2 mm, respectively, were used. When filled in the columns (60 cm 
in length and 4 cm in diameter) and sandbox (55 x 15 x 15 cm), Vulcan #1 and #3 sands 
had porosities of 0.39 and 0.37, and hydraulic conductivities of 0.20 and 0.73 cm/s, 
respectively. The column tests showed that the hydraulic conductivity of the treated sand 
could be reduced by more than 90% and was decreased with increasing the amount of 
colloidal silica injected. For example, the hydraulic conductivity of the treated sands in 
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columns grouted with colloidal silica was reduced by about 70% and 100% when 
approximately 0.03 and 0.09 pore volumes of grouts were injected, respectively. 
Manchester et al. (2001) performed flexible wall hydraulic conductivity tests to 
investigate the hydraulic conductivity of native sands from Brookhaven National Lab 
treated with seven different colloidal silica solutions. The testing results showed that the 
hydraulic conductivity of the soils grouted by the 7 colloidal silica solutions ranged from 
3.2 x 10-7 cm/s to 1.03 x 10-4 cm/s. The colloidal silica that produced the lowest hydraulic 
conductivity (4 to 5 orders less than that of native sand) was selected for further large 3-D 
tank tests. Manchester et al. (2001) used large tanks to create low-hydraulic conductivity 
grout bulbs by injecting NP 6010 colloidal silica. The tanks were 1.2 m diameter and 
height and 1.5 m diameter and height, respectively. The native sands were compacted to 
90% standard Proctor to simulate field conditions. Grout bulbs of 68 and 60 cm diameter 
were created in the 1.2 and 1.5 m diameter tank, respectively. Permeameter tests on the 
grouted sands in the tanks showed that the mean hydraulic conductivities of the 68 and 60 
cm diameter bulbs were 4.91 x 10-6 cm/s and 3.87 x 10-6 cm. Compared to the untreated 
native sand, the hydraulic conductivity of the treated sand was reduced by 2 to 6 orders of 
magnitude. 
 
2.2.4. Long Term Performance 
Soils treated with colloidal silica have good long term performance. Noll et al. (1993) 
suggested that soil treated by colloidal silica should be stable over long periods of time 
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provided it remains in a saturated or wet condition and is not exposed to solutions with a 
pH below 2 or above 10. Whang (1995) concluded that gelled colloidal silica should be 
stable in the subsurface indefinitely. The lifetime of colloidal silica was estimated to be 
greater than 25 years, while the estimated lifetimes of sodium silicate and acrylate grouts 
were between 10 and 20 years. 
The previous studies described in Sections 2.2.1, 2.2.2 and 2.2.3 showed the 
liquefaction resistance and static strength of sand grouted by colloidal silica increased 
with curing time, and that the hydraulic conductivity of grouted soil decreased with 
curing time. For examples, Liao et al. (2003) reported that when the curing time 
increased from 7 days to 14 and 28 days, the liquefaction resistances of treated sands 
increase 8% and 24% respectively. A similar tendency was also found by Gallagher and 
Mitchell (2002), who attributed it to the continuous formation of the bonds after gelation. 
Persoff et al. (1999) showed that the strength of Monterey sand grouted by 19.7 wt % 
Ludox® colloidal silica increased from 350 kPa at 7 days to 490 kPa, 543 kPa and 690 
kPa after 30 days, 99 days and 349 days, respectively. Yonekura and Kaga (1992) and 
Yonekura and Miwa (1993) found that all the stabilized fine sand samples and four 
stabilized medium size sand samples “remained impermeable” for 1750 days and 1800 
days, respectively.  
Sand treated with colloidal silica also has good durability. Yonekura and Kaga (1992) 
and Yonekura and Miwa (1993) reported that leaching of silica out of grouted samples 
was very low. The leaching ratio (the quantity of silica leached divided by the quantity of 
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silica in the initial gel) was only 1-2%, and negligible syneresis occurred. Treated 
samples were stable when immersed in acidic water of 0.1 wt % sulfuric acid and alkaline 
water of 1 wt % sodium silicate. Persoff et al. (1999) indicated that treated samples 
immersed in the test liquids (organics, HCl diluted to pH 3, distill water saturated with 
organics, and distilled water control) for up to 1 year increased in strength except for 
those immersed in aniline which weakened the samples. Adverse effects of contaminants 
on hydraulic conductivity were not observed. 
 
2.3. SUMMARY 
• Colloidal silica is an aqueous dispersion of microscopic silica particles (7-22 nm) 
produced from saturated solutions of silicic acid. Diluted colloidal silica solutions 
have long, controllable gel times, during which the viscosity remains low. 
• Colloidal silica is nontoxic, biologically and chemically inert, and has excellent 
durability characteristics. It is easy and safe to handle (Whang, 1995;  Gallagher et 
al., 2006). 
• The gel time of colloidal silica solution can be controlled by addition of NaCl and 
HCl. Long gel times can be achieved by adjusting the ionic strength of the diluted or 
adjusting pH or both. The minimum gel time of colloidal silica is generally in the 
 range of 5<pH<7. 
• The presence of polyvalent cations in soils, organic materials or other chemical 
variables may affect the gelling of colloidal silica. The influences can be avoided by 
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preflushing with salt solution or dilute colloidal silica solution, or using NaF for 
precipitation/complexation. 
• The liquefaction resistance of soil can be improved significantly by grouting with 
colloidal silica. Previous cyclic triaxial tests, cyclic torsional shear tests, cyclic 
simple shear tests, centrifuge tests, and full-scale field blasting experiments 
demonstrated the significant increase in the number of loading cycles and reduction 
in the development of soil deformation or settlement after treatment. 
• Loose sands can obtain unconfined strength by bonding with colloidal silica gel. The 
previous unconfined compression test, monotonic torsional shear tests, and field 
excavation and visual inspection showed the unconfined strength of grouted soil 
primarily depends on the colloidal silica concentration in the grout, and increases 
with curing time. 
• The hydraulic conductivity of sand is greatly reduced by treatment with colloidal 
silica. Colloidal silica gels in the soil pores, thereby decreasing the overall pore size 
and increasing the length of the flow path. The hydraulic conductivity reduction by 
colloidal silica grouting is affected by the type of colloidal silica, concentration of 
silica, injection technique, soil formation and soil type. Previous studies showed that 
hydraulic conductivities less than 10-6 cm/s can generally be achieved after soils are 
grouted by colloidal silica.
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Fig. 2-1. Typical gel time curve of colloidal silica 
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CHAPTER 3. MECHANISMS OF COLLOIDAL SILICA TRANSPORT IN 
POROUS MEDIA 
 
3.0. INTRODUCTION 
As discussed in Chapter 2, colloidal silica stabilizer can adequately mitigate the 
liquefaction risk of loose, saturated soil. However, for passive site stabilization to be 
feasible in engineering practice, the colloidal silica solution must be able to be delivered 
efficiently and adequately to the liquefiable soil over the required distance. Although 
extensive experimental and numerical studies have been done on colloid migration and 
colloid-facilitated contaminant transport in groundwater over the past two decades, few 
studies have considered transport mechanisms of gelling colloidal silica solutions for soil 
stabilization. Nonetheless, studies of colloid particles and colloidal-mediated contaminant 
transportation help to understand colloidal silica transport mechanisms. 
When particles move with groundwater in porous media, they can be retained by 
porous media via one of three mechanisms: filtration (surface and straining filtration), 
gravitational settling or physico-chemical filtration (e.g., McDowell-Boyer et al., 1986; 
Swanton, 1995; Ryan et al., 1996; Bradford et al., 2002; Bradford and Bettahar, 2006). 
Which mechanism occurs depends on the pore size of the porous medium and the grain 
size of the individual particles. For micron-sized particles, filtration and gravitational 
settling will be the dominant mechanisms and will limit particle migration. For 
colloidal-sized particles, physico-chemical filtration becomes the dominant mechanism 
for particle transport in porous media.  
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The transport of colloidal particles through porous media is regulated by advection, 
hydrodynamic dispersion and mass transfer between the aqueous and solid phase. When 
silica colloids are transported with the groundwater, they can undergo both physical and 
chemical deposition and release. Until equilibrium between deposition and release is 
reached, the deposition process can significantly delay the transport of colloids (Ryan et 
al., 1996).  
Previous experimental and field studies of colloid transport in aquifers have generally 
focused on colloid and colloid-mediated contaminant transport rather than soil 
stabilization using colloidal grouts (e.g., Higgo et al., 1993; Johnson, 1996; Vilks et al., 
1997; Ryan et al., 1999). These studies considered properties of the colloidal solutions as 
well as properties of the porous medium, including colloid concentration and chemical 
composition of the colloid solution, chemical composition of the pore fluid, chemical and 
physical heterogeneity of the porous medium and hydraulic properties of the porous 
medium. In general, studies showed that colloids are potentially mobile in aquifers even 
though the deposition of colloids onto solid surfaces of the porous medium may limit 
colloid migration. These studies will be discussed in subsequent sections of this chapter. 
In the case of liquefaction mitigation, the goal is to deliver the stabilizer to the porous 
medium so that it can gel to stabilize the soil. In this application, a colloidal silica 
solution with controlled chemical properties is injected into the porous medium under 
low pressure with the goal of preventing colloid deposition or release until the stabilizer 
reaches its target location. At that point, flow is stopped or reduced so the stabilizer 
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remains in the pores until it gels. The primary factors governing this process in loose, 
liquefiable sands are the viscosity and density of the stabilizer solution and the hydraulic 
properties of the porous medium. 
Several laboratory, field-scale and full-scale field tests of gelling colloidal silica 
grouts have been carried out for the purpose of contaminant fixation and flow control 
(e.g., Noll et al., 1993; Moridis, 1996). Some laboratory and full-scale testing of gelling 
colloidal silica grouts for mitigation of liquefaction risk have been implemented by Koch 
(2002) and Gallagher et al. (2006). However, the transport mechanisms of gelling 
colloidal silica solutions in aquifers have not been studied. 
This chapter consists of a review of prior studies related to the migration of colloids 
and colloidal silica in porous media for the purpose of understanding the transport 
mechanisms. The review includes filtration mechanisms of particle migration in aquifers, 
a theoretical background of colloid transport, previous studies on colloid-facilitated 
transport, previous studies on colloidal silica grouts as flow-control barriers and previous 
studies on colloidal silica grouts as stabilizer. 
 
3.1. FILTRATION MECHANISMS OF PARTICLE MIGRATION IN AQUIFERS 
As discussed in the introduction, the filtration mechanisms which limit particle 
migration with groundwater in aquifers include filtration (surface and straining filtration), 
gravitational settling and physico-chemical filtration (e.g., McDowell-Boyer et al., 1986; 
Swanton, 1995; Ryan et al., 1996; Bradford et al., 2002; Bradford and Bettahar, 2006). 
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The pore size of porous media and grain size of individual particles determine which 
mechanism will occur as discussed below. 
Surface filtration occurs if the transported particles are similar in size to the pore size 
of the medium.  In this case, the particles are not able to penetrate the formation and will 
be retained at the edge of the formation as a filter cake or surface mat. Straining filtration 
occurs when particles are small enough to enter the porous medium but still large enough 
to be mechanically retained by straining in smaller pore spaces. Straining filtration 
frequently happens near the face of porous media and thus decreases the openings of the 
pore sizes and further restricts smaller particles from passing through. The filtration of 
particles by porous media can be determined by the ratio of medium diameter to the 
particle diameter (McDowell-Boyer et al., 1986). Particles suspended in water can not 
penetrate the porous medium if (d15)s/(d85)p<11 or (d10)s/(d95)p<6, where (d15)s and (d10)s 
are the grain sizes of soil for which 15 wt % and 10 wt % are finer respectively, and (d85)p 
and (d95)p are suspended particles sizes for which 85 wt % and 95 wt % are finer 
respectively (Mitchell, 1981). That will be the case of surface filtration. If (d15)s/(d85)p>24 
or (d10)s/(d95)p>11, migration of particles in porous media is consistently possible. If 
(d15)s/(d85)p is in the range of 11 to 24 or (d10)s/(d95)p in the range of 6 to 11, the straining 
filtration may occur. The penetration possibility of particles should be investigated by 
field tests. 
For particles with a density greater than water, gravitational settling can occur as 
described by Stokes’ Law. The settling rate of particles is proportional to the square of 
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the particle size, the difference between particle and fluid density, and the reciprocal of 
fluid viscosity. The settling velocity of spherical particles can be expressed as: 
 2p
fp
s d18
v µ
γ−γ= ,              (3-1) 
where vs is the Stokes settling velocity, γp is the particle density, γf is the fluid density, µ 
is the fluid viscosity and dp is particle size (McDowell-Boyer et al., 1986). 
Colloid-sized particles generally are able to travel through porous media with the 
groundwater. For colloidal silica such as Ludox® SM-30, which has an average particle 
diameter of 7 nm, the ratio of the medium diameter to the silica diameter is commonly in 
the order of greater than 1000. In this case, the physico-chemical filtration mechanism 
becomes dominant. Physico-chemical filtration is governed by diffusion, interception and 
deposition (McDowell-Boyer et al., 1986). The diffusion of colloids is described by 
Brownian motion. When colloidal particles move with fluid, they may be intercepted by 
porous media. 
Deposition of colloid-sized particles onto the surfaces of porous media may occur if 
conditions are favorable for attachment. The deposition process is usually described by 
filtration theory which was systematically summarized and discussed Ryan and 
Elimelech (1996). However, deposited colloidal particles may also be released or 
detached from the surfaces of porous media by chemical and/or physical perturbations at 
the same time when colloidal particles in fluid deposit onto the medium surfaces. 
Furthermore, the physico-chemical deposition may not occur under unfavorable 
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conditions where colloidal particles and medium solids possess like-charges and thus 
strong repulsive forces (Ryan and Elimelech, 1996; Franchi and O’Melia, 2003). 
Physical-chemical filtration is a kinetic process which obeys first order rate law (Saiers et 
al., 1993, Kretzschmar et al., 1997; Kretzschmar and Sticher, 1998). This mechanism will 
be further discussed in Section 3.2. 
 
3.2. TRANSPORT OF COLLOIDAL PARTICLES IN AQUIFERS 
3.2.1. Mechanisms of Colloid Transport in Porous Media 
Colloid transport in porous media is governed by advection, hydrodynamic dispersion 
and mass transfer between the aqueous and solid phase (e.g., Saiers et al., 1994; Roy and 
Dzombak, 1996; Ren et al., 2000; Sun et al., 2001; Bradford et al., 2003; Bradford and 
Bettahar, 2006; Sen and Khilar, 2006). Advection is the movement of colloids in the 
aqueous phase with fluid flow under a hydraulic gradient. Hydrodynamic dispersion is 
the combination of molecular diffusion and mechanical dispersion. Molecular diffusion is 
caused by a concentration gradient. Mechanical dispersion is the transport of colloids in 
the aqueous phase by mixing due to the local variation in the flow velocity. The local 
variations may include the restriction of pore channels and tortuosity of effective flow 
paths. Mass transfer between the aqueous and solid phase is a kinetic process in which 
colloids are removed from pore fluid and deposited onto the surface of medium solids.  
This process may be reversible in that the deposited colloidal particles may detach or be 
released from the solid surface back into the pore fluid. The kinetic process of deposition 
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and release follows the first order rate law, as discussed in the following section (e.g., 
Saiers et al., 1994; Ryan et al. 1996). In the mathematical concept model, the deposition 
and release are generally described by coefficients of deposition and release.  
 
3.2.1.1. Advection-Dispersion Concept Model  
The advection-dispersion equation was modified to include the effects of colloid 
deposition and release for colloid transport in porous media. Equations (3-2) and (3-3) are 
the mathematical formulation for one dimensional colloid transport in saturated porous 
media.  This formulation assumes Darcy’s law is valid (e.g., Saiers et al., 1994; Roy and 
Dzombak, 1996; Kretzschmar et al., 1997; Yoon et al., 2005).  
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where C = colloid concentration in aqueous phase; t = time; D = coefficient of 
hydrodynamic dispersion; u = flow velocity of fluid; z = distance from the injection point; 
and, S = concentration of colloids on the solid surface. ∂S/∂t accounts for the kinetic 
process of deposition and release and is expressed as  
 depreldep CkCkt
S −=∂
∂ ,            (3-3) 
where kdep = deposition coefficient; krel = release coefficient; and Cdep = concentration of 
deposited colloidal particles on the surfaces of porous medium solids.  
Ryan and Gschwend (1994) suggested that the mass transfer between the aqueous 
phase and medium solid phase consists of processes of attachment or detachment in the 
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region influenced by intersurface potential energy (δφ) and diffusion in the hydrodynamic 
boundary layer (δbl), as shown in Fig. 3-1. In other words, the deposition coefficient (kdep) 
consists of an attachment coefficient (katt) and a diffusion coefficient (kdif), while the 
release coefficient (krel) consists of a detachment coefficient (kdet) and a diffusion 
coefficient (kdif). Attachment and detachment depend on the intersurface potential energy, 
and the diffusion is controlled by the concentration gradient between the bulk fluid and 
the medium surface. These processes will be discussed further in the following section. 
 
3.2.1.2. DVLO Theory and Kinetic Process of Deposition and Release 
Ryan and Gschwend (1994), Swanton (1995), Ryan and Elimelech (1996), Franchi 
and O’Melia (2003), Lenhart and Saiers (2003), and Sen and Khilar (2006) have done 
extensive research on DLVO theory (Derjaguin , Landau , Verwey and Overbeek theory) 
and the kinetics of colloid deposition and release.  DLVO theory describes the 
electro-interactions between the two approaching surfaces as a function of their 
separation distance. The electro-interactions may be repulsive or attractive, depending on 
the sum of electrostatic repulsion for like-charged surfaces and attraction for 
oppositely-charged surfaces, van der Waals-London attraction, and short-range Born 
repulsion. Electrostatic repulsion or attraction is caused by overlap of the electrical 
double layer. Its magnitude decreases exponentially with the separation distance. The van 
der Waals-London attraction is long-range attractive interaction between the surfaces 
caused by dipole-dipole interaction. Its magnitude depends on the density and 
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polarization of the interaction surfaces and the medium. It decays with the reciprocal of 
separation distance. The Born repulsion is short-range interaction caused by hydration or 
steric repulsion. Its magnitude contributes significantly to the depth of the primary 
minimum. Without the Born repulsion, the deposited particles could not escape from the 
primary minimum. The solid curve shown in Fig. 3-1 represents the net interaction 
potential over the separation distance. 
As shown in Fig. 3-1, the net interaction potential varies with the separation distance 
and may exhibit an attractive primary minimum (φmin1), a repulsive primary maximum 
(φmax) or an attractive secondary minimum (φmin2). When colloidal particles move with 
fluid flow and approach the porous medium solids, they may deposit in the attractive 
primary or secondary minimum if they possesses kinetic energy high enough to overcome 
the energy barrier (|φmax−φmin2|). The deposited colloidal particles can be released from 
the secondary minimum if the energy of colloidal particles exceeds the secondary 
attractive potential or from the primary minimum if the barrier (|φmax−φmin1|) is surpassed. 
For the deposition in and release from the primary minimum, the deposition coefficient 
(kdep) and release coefficient (krel) are proportional to exp(-|φmax|/KT) and 
exp[-(|φmax−φmin1|)/KT], respectively, where K is Boltzmann’s constant and T is absolute 
temperature. 
The net interaction potential is sensitive to variations in the chemical characteristics 
of pore fluid and the interacting particles. When the pH in pore fluid varies, the surface 
charges of colloidal particles and medium solids may also change. The variations can 
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induce changes in surface potential (usually expressed as zeta potential) and the 
thicknesses of double layers of colloidal particles and medium solids. For amphoteric 
porous media like quartz sand, if the pH increases above the isoelectric point (pHpzc) at 
which the surface charge of porous media solids becomes zero, the porous medium 
becomes more negatively-charged, resulting in a higher repulsion potential between the 
medium solids and negatively-charged colloidal particles such as colloidal silica (Ryan 
and Gschwend, 1994; Roy and Dzombak, 1996; Bunn et al. 2002). In this case, 
deposition of colloidal particles will be limited and release of deposited colloids will be 
enhanced. Changes in ionic strength of the pore fluid have a large influence on the 
variation of thickness of double layers which extend from the colloid surface into the 
pore fluid. At higher ionic strengths in the pore fluid, the double layers will be 
compressed and inter-surfaces repulsion will be reduced. As a result, deposition over 
shorter separation distances will be enhanced. As ionic strength decreases, the double 
layers expand and repulsion increases, which results in the escape of deposited colloidal 
particles from the solid surface. Sen and Khilar (2006) noted that dispersion and release 
of particles in most soils are favored by high pH and low ionic strength of the pore fluid. 
It should be noted that DLVO theory is based on the assumption that the particles 
possess smooth bodies with ideal geometries and uniform properties. In reality, the 
colloidal and medium particles are irregular in shape, with rough surfaces and 
heterogeneous compositions. In addition, the hydrodynamic influence of fluid flow on 
colloidal particles is not considered in DLVO theory. More details about the extended 
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DLVO theory can be found in papers by Swanton (1995) and Ryan and Elimelech 
(1996). 
 
3.2.1.3. Deposition and Release Coefficients 
Numerous studies have been done to predict colloid fate and transport in porous 
media by quantifying the coefficients of deposition and release. Usually, the deposition 
(kdep) and release (krel) coefficients are described based on filtration theory or DLVO 
theory, or they are experimentally estimated using inverse modeling. The deposition 
coefficient accounts for the mechanisms of diffusion, Brownian motion, interception due 
to the difference between the pore size of the medium and the particle size of the colloid, 
and gravitational settling. Different mathematical estimations of kdep can be found in 
Rajagopalan and Tien (1976), Ryan and Gschwend (1994), Ren et al. (2000), Baumann 
and Werth (2005) and Yoon et al. (2005). Although theoretical estimation of the release 
coefficient is seldom documented, Ryan and Gschwend (1994) and Roy and Dzombak 
(1996) show the formula based on DLVO theory, which states that krel will increase 
exponentially as the height of the corresponding energy barrier decreases. However, this 
formulation does not account for colloid release from the secondary minimum. Franchi 
and O’Melia (2003) theoretically simulated the release of colloids deposited in the 
secondary minimum based on the Maxwell kinetic theory and provided significantly 
better fits of the experimental results.  
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Regardless of the model used, discrepancies exist between theoretical predictions and 
experimental measurements (e.g., Swanton, 1995; Ryan and Elimelech, 1996; Huber et 
al., 2000). This is because colloid transport in porous media is influenced by many 
complicated chemical and physical factors, including fluid chemistry, surface chemistry 
of both the colloids and the medium solids, heterogeneity of the porous medium, colloid 
particle size, shape and concentration, and pore fluid velocity. These factors can not be 
modeled perfectly using just two coefficients. Many efforts have been made to reduce 
discrepancies by adding new items in the governing equations to account for these effects 
(e.g., Roy and Dzombak, 1996; Ren et al., 2000; Sun et al., 2001; Bradford et al., 2003; 
Yoon et al., 2005; Bradford and Bettahar, 2006). Although it is difficult to quantify the 
effects of these factors, their influences are conceptually well understood.  
In general, excluding gelling colloidal solutions, the deposition rate of colloids in the 
aqueous phase will decrease and the release rate of deposited colloids on the solid phase 
will increase with 
• decreasing ionic strength of the pore fluid (e.g., Ryan and Gschwend, 1994; Ryan and 
Elimelech, 1996; Nocito-Gobel and Tobiason, 1996; Gamerdinger et al., 1999; Huber 
et al., 2000; Bunn et al., 2002; Franchi and O’Melia, 2003; Lenhart and Saiers, 2003), 
• increasing pH for negatively-charged colloidal particles and medium solids (Ryan and 
Elimelech, 1996), 
• increasing flow rate (e.g., Ryan and Gschwend, 1994; Ryan and Elimelech, 1996), 
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• decreasing colloid particle concentration (Swanton, 1995; and Ryan and Elimelech, 
1996),  
• decrease of the ratio of colloidal particle size to medium solid size (Bradford and 
Bettahar, 2002), and  
• decrease of positive charges on the surface patches of medium solids (heterogeneity) 
(Ryan and Elimelech, 1996).  
These trends were well documented and explained by Ryan and Elimelech (1996) and 
Sen and Khilar (2006), and will be further discussed below.  
 
3.2.2. Previous Studies on Colloid Transport 
Numerous studies have been performed to study the fate and transport of colloidal 
particles or colloid-facilitated contaminants in porous media. Most of these studies 
focused on the effects of pH and ionic strength of the pore water, flow rate, particle size, 
and physical and chemical heterogeneities. A summary of relevant studies is presented 
below. 
 
3.2.2.1. Effects of pH 
As discussed in Section 3.2.1.2, increasing the pH will increase the repulsion 
potential and hence enhance the release of deposited colloidal particles from the medium 
solid surfaces and limit further deposition. Fig. 3-2 (adapted from Sen and Khilar, 2006) 
 
  
51
explicitly illustrates the increasing repulsion potential of kaolinite-pore surface system 
with increasing pH. 
Puls et al. (1993) did laboratory experiments to evaluate the surface and aqueous 
chemical effects on colloid stability and transport through natural porous media. The 
porous medium used natural sands recovered from an abandoned gravel pit south of Otis 
Air Base on Cape Cod, MA. The recovered sands were sieved and 0.1 mm – 2 mm sieved 
sands were used for the experiments. The colloids used were monodisperse Fe2O3 
particles with the size of 100 – 200 nm. In tests to investigate the surface and aqueous 
chemical effects on colloid-sand system, the iron oxide colloids were dispersed in sodium 
dodecyl sulfate (SDS) solution with molarities ranging from 0.0001 to 0.006 M. The 
critical micelle concentration was 0.006 M. Puls et al. (1993) found that when the pH of 
the solution was greater than 4.4, the surfaces of the sand particles became negatively 
charged and the magnitude of the negative charge increased as pH increased. However, 
the behavior of the colloids was different. For a constant ionic strength of 0.0001 M, as 
the pH increased, the colloid surfaces also became more negative. However, the 
magnitude of the negative charge on the surface of Fe2O3 colloids didn’t change with pH 
change when the concentration of SDS increased from 0.0001 M to near 0.006 M because 
the surfaces of the colloids were saturated with negative charges (steric stabilization) in 
the solution with SDS concentration above 0.0001 M. More negative charges resulted in 
stronger repulsion between the surfaces of colloids and porous medium solids, limited the  
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colloid depositions and hence enhanced colloid transport through the porous medium. 
Puls et al. (1993) concluded that colloid breakthrough increased with increasing pH. 
In laboratory column tests, Ryan and Gschwend (1994) investigated the effects of 
ionic strength and flow rate on hematite colloid release from hematite-coated quartz 
grains. They found that only about 1% of the total colloids coating the quartz grains were 
released into the bulk fluid by flushing pH 10 NaOH solution (salt concentration 0.0001 
M), even though the isoelectric point of hematite colloids was about pH 8.0. That was 
because many hematite colloids were situated in rough, weathered areas of the sand 
surfaces while the smooth areas contained comparatively few colloids. However, when 
the pH of the solution was raised to 11, up to about 7% of the total coated colloids were 
released. Ryan and Gschwend (1994) stated that the increased pH resulted in increased 
repulsion energy such that the energy barrier preventing colloid detachment disappeared.  
In laboratory column tests to investigate colloid release from natural Lincoln sands, 
Roy and Dzombak (1996) found that the percentage of colloids released by low pH NaCl 
solution (pH 4.0 and 0.02 M Na+) was significantly smaller than that released by high pH 
solution (pH 9.2 and 0.02 M Na+). The peak concentration of released Lincoln colloids 
by pH 4.0 solution was about 100 - 200 mg/L, while that mobilized by pH 9.2 solution 
was about 650 - 750 mg/L. The point of zero charge of Lincoln sand colloids was about 
pH 3.0. More details about this research are summarized in Section 3.2.2.2. 
Ryan et al. (1999) conducted field experiments to monitor transportation and recovery 
of a mixture of bacteriophage PRD1 (62-nm-diameter) and silica colloids 
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(107-nm-diameter) pulse-injected into sewage-contaminated and uncontaminated zones 
of an iron oxide-coated sand aquifer on Cape Cod, MA. The release of PRD1 and silica 
colloids was promoted by increasing the pH and adding an anionic surfactant and a 
reductant. It was reported that by increasing the pH of the pore solution above 10, the 
positively-charged ferric oxyhydroxide coatings became negatively charged and hence 
promoted the release of the deposited PRD1 and silica colloids. Compared to the colloid 
release experiments by Roy and Dzomback (1996), Ryan et al. (1999) indicated that the 
elevated pH was the most effective at mobilizing the deposited PRD1 and silica colloids. 
Bunn et al. (2002) performed field and laboratory column tests to investigate the 
effect of pH on the mobilization of natural colloids in ferric oxyhydroxide-coated aquifer 
sediment at the U.S. Geological Survey’s Cape Cod Toxic Substances Hydrology 
research site near the Massachusetts Military Reservation on Cape Cod. The isoelectric 
point (pHpzc) of sediment particles was determined to range from pH 8 to 9.2. Elevated 
pH solutions were used in field and laboratory tests to reverse the positive charges to 
negative charges. In the field tests, three solutions of NaOH with pHs of 10, 11 and 12.5 
were injected into the uncontaminated and contaminated zones at an up-gradient site and 
migration with the natural groundwater was monitored. The measurements of zeta 
potentials of sediment grains and colloidal particles showed that the negative repulsions 
increased as pH increased. By examining the water samples collected at the 
down-gradient site (0.9m from the injection site), the concentration of released colloids 
with the size ranging from about 50 nm to 5 µm was higher when the sediments were 
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perturbed by higher pH solution. For a given injection pH, far more colloid particles in 
the uncontaminated zone were mobilized than in the contaminated zone. This may be 
because organic matter and phosphate in the contaminated zone reduced the efficiency of 
mobilization of colloidal particles by pH. It was also noted that the breakthrough of 
released colloidal particles coincided with the pH pulse breakthrough, which suggested 
that the progress of the elevated pH controlled the transport of the released colloidal 
particles.  
A series of sequential and separate columns tests (5.0 cm long by 2.5 cm diameter) 
were also conducted on both undisturbed and remolded sediments obtained from the site 
(Bunn et al. 2002). The sequential tests were performed by continuously injecting NaOH 
solution with an elevated pH from 9.5 to 12.5 through the same sample. In separate 
column tests, five NaOH solutions with pHs of 9.5, 10.5, 11.5, 12.5 and 13.1 were 
flushed through the five rebuilt samples with same porosity of 0.46. The results from 
column tests were similar to those from field tests, which showed that the higher pH 
solution resulted in much more colloid mobilization per mass of sediment.  
 
3.2.2.2. Effects of Ionic Strength 
Ionic strength is one of the key factors affecting colloid transport through saturated 
porous media. Many previous studies have shown that the rate of colloid release will 
increase and the deposition rate will decrease as ionic strength decreases. Fig. 3-3 
demonstrates that repulsion energy increases with decreasing ionic strength. Sen and 
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Khilar (2006) noted that deposited colloidal particles may be released at a specific salt 
concentration, called the critical salt concentration at which both total energy and total 
force acting on the colloidal particles are zero. When the ionic strength of the pore fluid 
is below the critical salt concentration, particle release is favored. The critical salt 
concentration is controlled by the valance and specific characteristics of the cation, the 
pH of the solution, the type of porous medium, and the temperature of the system. 
Ryan and Gschwend (1994) studied the influence of ionic strength changes in bulk 
fluid on the release rate of hematite colloids coated on quartz grains in column tests. The 
hematite colloids had mean diameter of 150 ± 35 nm and isoelectric point of about pH 
8.0. The diameters of quartz grains ranged from 0.21 mm to 0.3 mm. Before quartz grains 
were packed in the columns (47 mm long x 40 mm diameter), the grains were coated with 
hematite colloids. Elevated pH solutions (pH 11.0) with ionic strengths ranging from 
0.001 to 0.1 M were flushed through the packed columns with the flow rate of about 1.0 
ml/min to release the attached colloids. The results showed that decreased ionic strength 
induced an increase in the initial detachment rate and an increase in the fraction of 
colloids ultimately released. When ionic strength decreased by two orders of magnitude, 
the release rate increased by about 64%. 
Harmand et al. (1996) did step-injection column tests to investigate the effects of 
ionic strength, flow rate, colloid particle size and particle concentration on the transport 
and capture of colloid particles in a natural sand. The short columns (7.35 cm in length x 
0.9 cm in diameter) were packed with natural Entraigues sands with an average diameter 
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of 0.124 mm and porosity of 0.46. The sands were washed before column testing and 
negatively charged with 0.01 M and lower concentrations of NaCl solution. Polystyrene 
latex particles (0.11, 0.21 and 0.79 µm) were used as model colloids, which were 
negatively charged at the natural pH of the experimental system. During the testing, the 
columns were first flushed by 0.1 N NaCl solution, then conditioned with water, and 
finally the model colloid solution was introduced. The results showed that more colloids 
were captured by the sands and breakthrough was delayed as the ionic strength increased 
from 10-4 to 10-2 M. 
Nocito-Gobel and Tobiason (1996) conducted pulse column tests to evaluate the 
effects of ionic strength on colloid deposition and release. The experiments were carried 
out in two phases. First, a solution containing 1.09 µm fluorescent blue latex colloids was 
injected at a constant flow rate of 0.34 ml/min into a horizontal column (40 cm in length 
x 2.5 cm diameter) packed with clean saturated silica sand with mean diameter of 0.46 
mm and porosity of about 0.38. Next, at least two pore volumes of colloid-free solution 
were injected. Then NaCl solution with ionic strength varying from 10 to 0.1 mM was 
flushed through the column. It was found that deposition of latex colloids increased with 
increasing ionic strength while the release of deposited latex colloids increased with 
decreasing ionic strength. It was noted that the release of colloids due to the reduction in 
ionic strength was affected by the magnitude of the change in ionic strength, the absolute 
magnitude of final ionic strength, and the type and extent of colloidal particles deposited 
and dynamics of the change in ionic strength. 
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Roy and Dzombak (1996) studied colloid release and transport in column tests using 
natural Lincoln sand, Otis sand, and glass beads. The column tests included 
colloid-release experiments using natural Lincoln and Otis sands as porous media and the 
deposition-release experiments using glass beads as porous media. 
In the colloid-release experiments, the column apparatus was 10 cm long and 2.2 cm 
in diameter. The Lincoln sands, which were obtained from Pontotoc County, Oklahoma, 
had a d50 of about 0.25 mm. The Otis sands with d50 of 0.55 mm were obtained from a 
coastal aquifer near the Otis Air Base, Cap Cod, Massachusetts. The columns were 
packed to have porosities of 0.35 and 0.39 for Lincoln sand and Otis sand, respectively. 
To investigate the release and migration of natural colloids associated with the natural 
sands, a colloid-free solution with 0.01 M CaCl2 solution was flushed through the column 
firstly, then 0.1 M NaCl solution, and finally NaCl or NaHCO3 solution with the 
concentrations of 0.05 M, 0.02 M, 0.01 M or 0.001 M and pH 9.2 (NaHCO3) or pH 4.0 
(NaCl solution adjusted by HCl). The experiments showed that a xsignificant amount of 
natural colloids in Na+ form was released as the Na+ concentration of NaCl solution (pH 
9.2) was reduced. However, when the natural colloids were in Ca2+ form, almost no 
colloid was released even when injection solutions were changed to the solutions (pH 9.2) 
of low NaCl concentration.  
In the deposition-release experiments (Roy and Dzombak, 1996), a column with 
dimensions of 10 cm long and 2.5 cm inner diameter was used. The porosity of the glass 
beads with diameter ranging from 0.4 to 0.52 mm filled in the column was 0.38. During 
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the tests, a suspension of 0.468 µm polystyrene spherical latex colloids with an NaCl 
concentration of 0.2 M was injected into column first, followed by colloid-free NaCl 
solutions with sequential reduction in NaCl concentration from 0.2 M to 0.01 M and then 
to 0.0001 M, and finally DI water. The testing results showed that about the half of 
injected colloids were deposited on the glass beads and then released in the following 
injections of low NaCl concentration solutions (pH 9.2). The most release of the 
deposited colloids occurred in the step when 0.0001 M NaCl solution was introduced. 
Numerical simulation using advection-dispersion equation coupled with deposition and 
release showed discrepancies between the predictions and the experimental results. The 
calculated discrepancies were attributed to heterogeneities in the colloids, an effect that 
was not explicitly considered in the model.  
Kretzschmat et al. (1997) conducted short-pulse and step column experiments to 
study the influences of ionic strength and electrolyte type on the deposition rate when 
latex colloids were transported through saturated soda-lime glass beads and sandy 
alluvial soil systems. The sandy alluvial soil consisted of about 90% sand, 5% silt and 5% 
clay.  Column tests were done on columns with lengths ranging from 6 to 45 cm and 2.5 
cm in diameter. Different electrolyte solutions included NaCl and CaCl2. The results 
showed that breakthrough concentration of latex colloids decreased with the increase of 
ionic strength. A transition point was identified for each system (0.12 M NaCl for 
latex/glass-bead system and 0.001 M CaCl2 for latex/soil system). At ionic strengths 
lower than transition point, the colloid deposition rate strongly increased with increasing 
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electrolyte concentration. In this region, the electrostatic repulsive forces dominated and 
the logarithm of deposition rate was linearly proportional to the logarithm of ionic 
strength. However, at the ionic strength greater than the transition point, the deposition 
rate of latex colloids was independent of ionic strengths. In this region, the surface charge 
was well screened so that electrostatic repulsions were insignificant. At the same 
concentration of Ca2+ and Na+, Ca2+ induced faster deposition rate and higher amount of 
deposited colloids. 
In a similar study, Huber et al. (2000) conducted short-pulse column tests using latex 
colloids to study colloid transport behavior in two natural porous media. The columns 
were 0.2 m in length and 0.1 m in diameter and were packed with natural Munich sand 
(d50 and porosity of 3 mm and 0.18, respectively) and Sengenthal sand (d50 and porosity 
of 0.2 mm and 0.26, respectively). The colloids were fluorescence labeled latex colloids 
with diameters ranging from 0.053 to 1.96 µm. There were two type of electrolytes (NaCl 
and CaCl2) used in the tests. The ionic strengths of both electrolytes were 1 mM and 10 
mM. The testing results and numerical calculations using filtration theory indicated that 
the colloid attachment increased with increasing ionic strength and was higher for Ca2+ 
than for Na+ at the same ionic strength. 
Ko and Chen (2002) conducted column tests to investigate the effects of ionic 
strength, flow rate and particle size on the deposition and release dynamics of silica 
colloids which interacted with oppositely charged aminosilane-modified glass beads. The 
colloidal particles used in the column tests were negatively-charged silica colloids with 
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mean diameter of 0.1 µm and 0.3 µm. The columns (2 cm long x 2.5 cm diameter) were 
packed with 0.46-mm–diameter soda-lime glass beads at a porosity of 0.36.  The surface 
charge of the beads was changed from negative to positive using aminosilane. During the 
deposition tests, the colloid solutions with ionic strengths ranging from 10-4.5 (only HCl) 
to 10-1.5 M (10-4 M HCl plus KCl) were individually introduced into the columns at 
constant flow rates of 0.02 cm/s and 0.1 cm /s, respectively. Upon completion of the 
colloid deposition tests, colloid-release tests were carried out by injecting colloid-free 
solution with a reduced ionic strength. Finally, sodium dodecyl sulfate solution was 
flushed through the columns to investigate the effect of an anionic surfactant on colloid 
release.  
The results of deposition tests demonstrated that the amounts of negatively charged 
colloids deposited on positively charged glass beads increased as ionic strength increased. 
The slope of the breakthrough curve increased as ionic strength decreased, indicating that 
the effluent concentration of colloids rose more slowly for solutions with higher ionic 
strengths. Deposition is a transient process and the deposition rate decreased as the 
surface of the porous medium covered by colloidal particles increased. The covered area 
was calculated as surface coverage. Theoretically, when the surfaces of medium grains 
were saturated with deposited colloids, no further deposition should occur due to a 
phenomenon called blocking. However, based on the testing data, the calculated surface 
coverage implied that multilayer deposition might be occurring. The colloid-release tests 
showed that reducing ionic strength resulted in the release of previously deposited 
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colloids. The injection of 10-4 M HCl solution resulted in considerable amounts of colloid 
release when the deposition was performed at ionic strengths greater than 10-2M, while 
negligible release (<1%) was observed for the deposition runs carried out at low ionic 
strength less than 10-2 M. This suggested that irreversible deposition of colloid particles 
occurred on the positively charged surface of the porous medium. The introduction of 
anionic surfactants resulted in significant release of colloid silica due to the increase of 
repulsion forces caused by charge reversal of positive charges of beads surfaces to 
negative charges. The effects of anionic surfactants on colloid release were larger than 
the effects of ionic strength reduction. 
Franchi and O’Melia (2003) carried out a series of column tests to investigate the 
effects of natural organic matter and solution chemistry on the deposition and release of 
sulfate latex colloids in porous media. The sulfate latex colloids were negatively charged 
and had a diameter of about 98 nm. The 0.25-m-long columns were packed with clean 
soda-lime glass beads (diameter < 37 µm) at a porosity of 0.4. The column tests were 
performed both with and without Suwannee River humid acid at a concentration of 1 
mg/L at a flow velocity of 1.27 x 10-3 cm/s. A series of column tests was conducted by 
varying ionic strength from 0.001 M to 0.5 M in the injected solutions. The tests were 
done in three phases. The deposition step consisted of injecting a solution with 1 mg/L 
latex colloids. The rinse step consisted of a colloid-free solution with the same ionic 
strength. In the release step, colloid-free solution with a reduced ionic strength was 
flushed through the column.  
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During the deposition step, for solutions with ionic strengths lower than 0.01 M, the 
breakthrough curve of latex colloids first rose almost vertically and then became a 
horizontal plateau where the normalized colloid concentration was close to one. This 
indicated that little or no deposition occurred during this step and colloid transport was 
dominated by advection and dispersion. For higher ionic strength solutions, the 
breakthrough curve rose quickly at first, but was not as sharply as that of lower ionic 
strength. The normalized colloid concentration increased slowly and the final normalized 
concentration was less than one, which implied the deposition increased with increasing 
ionic strength. Franchi and O’Melia (2003) suggested that for low ionic strength solutions, 
a thicker double layer surrounded the colloids and medium grains so the repulsions were 
larger. This resulted in continuous deposition and release in the secondary minimum until 
equilibrium was established. As noted above, colloids deposited in the secondary 
minimum are almost totally recoverable. Under higher ionic strength conditions, the 
double layers of colloids and medium grains were compressed and colloids could be 
deposited in the primary minimum, where recovery is much more difficult. When the 
increased amounts of colloids were deposited on the surfaces of the medium grains, the 
deposition rate of colloids decreased due to blocking effects. During the release step, 
when the colloid-free solution with decreased ionic strength flushed through the column, 
the deposited colloids were released due to double layer expansion, which was evidenced 
by the sharp peak in breakthrough curves. The colloid-release tests also showed that 
higher amounts of deposited colloids were released in the lower ionic strength solution. 
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Lenhart and Saiers (2003) did similar column tests to those of Franchi and O’Melia 
(2003) using Accusand 40/60 quartz sand (0.3 mm to 0.335 mm diameter) packed in 
columns (14.8 cm in length x 4.8 cm in inner diameter) at a porosity of 0.355. Silica 
colloids with a mean diameter of 282 ± 7 nm were used at a concentration of 100 mg/L. 
The procedures of the column tests were similar to those carried out by Franchi and 
O’Melia (2003), but the ionic strengths of the colloid solution ranged from 8 x 10-5 to 0.1 
M, and flow velocities were about 40 cm/h. Lenhart and Saiers (2003) found similar 
results to Franchi and O’Melia (2003) with respect to ionic strength.  
Saiers and Lenhart (2003) did additional research to evaluate the effects of ionic 
strength on the transport of the silica colloids through saturated porous media using both 
laboratory column tests and numerical simulations. In the column tests, the 
negatively-charged silica colloids (282 ± 7 nm diameter) were injected at a steady pore 
water velocity of 0.66 cm/min from the top of column (32.8 cm in length x 12.7 cm in 
diameter) filled with clean quartz sands. The clean quartz sands were negatively-charged 
with particle diameters ranging from 0.3 mm to 0.355 mm. The columns were packed to 
have a porosity of 0.335. When low ionic strengths (0.0002, 0.001 and 0.01 M) were used, 
colloid transport virtually identical to the transport of bromide tracer, indicating colloid 
deposition did not occur. However, the shapes of breakthrough curves changed with peak 
breakthrough concentrations of silica colloids, declining as pore water ionic strength 
increased from 0.04 m to 0.2 M. It was believed that the unfavorable deposition sites 
became favorable for colloid deposition when higher ionic strengths were used. 
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3.2.2.3. Effects of Flow Rate 
The flow rate strongly influences colloid transport through porous media. Higher flow 
rates results in higher advection velocity and a larger hydrodynamic dragging force. This 
causes colloidal particles to slide or to roll along the medium surface (Ryan and 
Elimelech, 1996), and larger excluded area down gradient of deposited colloidal particles 
where particle deposition is prevented (Ko and Chen, 2000). Consequently, there is faster 
breakthrough of colloidal particles, a smaller amount of colloid deposition and a larger 
extent of colloid release.  
The column tests by Puls et al. (1993), in which negatively charged Fe2O3 colloids 
(100-200 nm) were transported through small columns (2.5 – 5.0 cm in length x 2.5 cm in 
diameter) filled with natural Cape Cod sand, showed that increasing breakthrough was 
observed with increasing flow rate. It was also observed that the breakthrough of Fe2O3 
colloids always occurred at approximately the same time as the tritiated water. 
The effects of flow rate on the release of hematite colloids attached on quartz grains 
were also investigated by Ryan and Gschwend (1994). In column tests, solutions with salt 
concentration of 0.001 M and pH 11.0 were flushed through a column filled with 
hematite-coated quartz sands at different flow rates ranging from 0.51 to 11.7 ml/min. 
The results showed that increasing the flow rate by a factor of 23 induced an increased 
detachment rate by a factor of 13.8, but the fraction of colloids ultimately released did not 
vary significantly. This finding is similar to the observation of McDowell-Boyer et al. 
(1986) that the rate of colloid release depended on flow rate at relatively low flow rates. 
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Ryan and Gschwend (1994) also indicated that other research found the influence of 
hydrodynamic shear forces on the release of micrometer colloids are negligible under 
slow laminar flow, but fluid dragging forces tangential to the medium surface will cause 
colloid rolling and enhance the release for larger colloids and more rapid flows. 
Harmand et al. (1996) did step-injection column tests (7.35 cm in length x 0.9 cm in 
diameter) under flow velocities of 0.055, 0.17, 0.48, 1.7 and 3.4 cm/min to study the 
effects of flow rate on the transport and capture of negatively-charged latex colloid 
particles in a negatively-charged natural Entraigues sand. It was observed that the capture 
of colloid particles by natural sands was very low and the breakthrough of the colloid 
particles was almost the same as water tracer at high flow rate and low ionic strength. 
Reducing the flow rate increased the colloid deposition and delayed breakthrough. 
Ko and Chen (2000) performed deposition column tests under two constant velocities 
(0.02 cm/s and 0.1 cm/s) to study the effects of flow rate on the deposition of negatively 
charged silica colloids (0.3 µm) onto positively-charged glass beads. The results 
indicated that the higher flow velocity generated lower deposition and earlier complete 
breakthrough of the colloids. The calculated excluded-area-parameter (the ratio of the 
covered surface of porous media by colloidal particles to the projected area of colloidal 
particles) demonstrated that the higher flow velocity led to more significant blocking and 
prevented colloid deposition. Ko and Chen (2000) suggested that higher shear rates 
caused by the higher flow velocity generated a larger excluded area down gradient of  
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deposited particles where particle deposition was prevented. This phenomenon is called 
the shadow effect or hydrodynamic scattering effect. 
However, it should be noted that at low to moderate flow velocities, colloid 
deposition rate coefficients (kdep) increase with increasing pore water velocity 
(Kretzschmat et al., 1997; Kretzschmat and Sticher, 1998). The findings of Kretzschmat 
et al. (1997) and Kretzschmat and Sticher (1998) were in agreement with the theoretical 
analysis of Song and Elimelech (1993), who predicted that at low to moderate flow 
velocities the deposition rate increased with flow velocity by a power of zero to one-third. 
Yoon et al. (2005) used visualization techniques in column tests and observed that both 
the deposition and release rate coefficient of micron-sized particles decreased with 
deceasing flow velocity. At faster flow velocities, say 5.3 × 10-2 cm/s, the release rate 
was greater than deposition rate, while the deposition rate became greater than release 
rate at low and moderate flow velocities, say lower than 2.7 × 10-2 cm/s. 
 
3.2.2.4. Effects of Physical Properties of Colloid-Medium System 
Colloid transport in saturated porous media can be affected by the physical properties 
of both the colloids and the porous medium. While the colloids can generally penetrate 
through the relatively larger pores of the porous medium, they can be retained in smaller 
pores by the mechanisms of plugging or entrapment (Sen and Khilar 2006). The plugging 
or entrapment occurs in three forms: size exclusion, multiparticle bridging, and surface 
deposition, as shown in Fig. 3-4. When the ratio of colloid size to pore size is in the range 
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of 0.01 to 0.6, surface deposition, multiparticle blocking and bridging may occur. When 
the ratio is greater than 1, plugging may occur due to blocking and size exclusion. Size 
exclusion also depends on the flow velocity (Nocito-Gobel and Tobiason 1996). Plugging 
or entrapment results in a drastic reduction in flow rate if the flow is under constant 
pressure.  
The surface roughness of porous media generally enhances the capture efficiency of 
colloids and limits their release due to the resistance of the hydraulic dragging forces and 
the electrostatic attraction by the presence of positive charges at the edges of rough 
particles. 
By comparing the results of the step-injection short column tests using 
negatively-charged latex colloids with sizes of 0.11, 0.21 and 0.79 µm, Harmand et al. 
(1996) observed that at low flow rates the colloid size had an important effect on the 
shape of the breakthrough curve in negatively-charged Entraigues sands. The smaller the 
colloids, the greater the capture. Capturing efficiency decreased from 0.132 to 0.036 
when colloid size increased from 0.11 µm to 0.79 µm. This phenomenon was thought to 
occur because the smaller colloids were more frequently sorbed to porous media surfaces 
compared to larger colloid due to higher rates of diffusion or Brownian motion. It was 
also found by Harmand et al. (1996) that the larger colloid breakthrough occurred earlier 
than the breakthrough for smaller colloids. 
Nocito-Gobel and Tobiason (1996) found that when latex colloids were transported 
through saturated sand during the injection period of column tests, breakthrough occurred 
  
68
sooner when low concentrations of NaCl solutions were used to transport the colloids 
(0.1 mM and 1 mM NaCl) compared to NaNO3 tracers; however, when the colloids were 
transported in 5 mM NaCl solution, breakthrough occurred at about the same time as the 
tracers. The early breakthrough was attributed to hydrodynamic chromatography, a type 
of size exclusion chromatography in which larger colloids are transported faster than 
smaller molecules or dissolved solutes like water or tracer. The velocity of colloids 
transported by hydrodynamic chromatography can be computed by up=βu, where up and 
u are colloid and fluid velocity, respectively, and β is a coefficient that depends on 
colloid size as well as the hydraulic radius of the porous medium. As the ratio of colloid 
size to hydraulic radius decreases, the size exclusion effect is reduced.  
In an experimental study on colloid deposition rate, Kretzschmat et al. (1997) and 
Kretzschmat and Sticher (1998) noted that latex colloids (0.11 µm-diameter) and NO3- 
tracer broke through the outlet of a column simultaneously when transported through 
negatively-charged glass beads media (0.355-0.4 mm-diameter). However, when latex 
colloids were transported through sandy alluvial soil (0.2 to 0.63mm in diameter) and a 
coarse-grained, calcareous aquifer (2 mm-diameter), the colloids transported faster than 
NO3- tracer due to the size exclusion effect. Similar results were found when 
humic-coated iron oxide colloids (122 nm-diameter) migrated through sandy alluvial soil. 
Ko and Cheng (2000) investigated the effects of colloid size on deposition in column 
tests. Colloid sizes of 0.1 µm and 0.3 µm were used under a constant flow velocity of 
0.02 cm/s. Based on the test data, the excluded area parameter for 0.3 µm colloids was 
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significantly larger than that for the 0.1 µm colloids at a given ionic strength. This was 
attributed to the deposition of larger particles causing shadow zones and thus blocking 
further deposition of incoming particles. This was evident because significantly fewer 0.3 
µm colloids were released than 0.1 µm colloids since fewer 0.3 µm colloids were 
deposited in the deposition tests. 
Huber et al. (2000) assessed the transport behavior of latex colloids with diameters 
ranging from 0.053 to 1.96 µm in two natural Munich sands and Sengenthal sands using 
short-pulse column tests and numerical computation using filtration theory. It was found 
that the removal efficiency of colloids from fluid onto porous media decreased with 
increasing colloid size when the sizes of the colloids were less than 0.691 µm. When the 
colloid size was greater than 0.691 µm, the removal efficiency of colloids increased with 
increasing colloid size. The same trend was also observed by Yoon et al. (2005), who 
indicated that the efficiency of micron-size particles (greater than 1 µm) captured by 
glass beads increased with increasing diameter of particles. It was also noted by Huber et 
al. (2000) that the deposition of latex colloids onto Munich sands (d10=0.25 mm) was 
generally higher than that onto Sengenthal sands (d10=0.10 mm), where d10 was adopted 
to be equivalent diameter based on results of column and numerical experiments. 
Ren et al. (2000) used column experiments (6 cm in length and 2.5 cm in diameter) 
and numerical simulations to investigate the effects of pore size of cleaned medium sands 
on the transport efficiency of 0.45 µm colloidal silica by correlating the silica collision 
efficiency with hydraulic conductivity. The mean diameters of the sand particles ranged 
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from 98 to 231 µm with corresponding hydraulic conductivities from 2.77 × 10-2 to 7.73 
× 10-2 cm/s, respectively. The column tests were conducted under the same chemical 
condition and a constant flow rate of 12 ml/min. The results showed a negative linear 
correlation between collision efficiency and the natural logarithm of hydraulic 
conductivity. The correlation indicated an inverse relationship between collision 
efficiency and the grain sizes of porous media. The larger size of porous media with 
higher hydraulic conductivity resulted in low collision efficiency and thus lower 
deposition rate of colloids. 
Bradford and Bettahar (2006) conducted a series of column experiments to explore 
the influence of colloid size (negatively charged 3.2 and 1.0 µm carboxyl latex) and sand 
grain size (360, 240 and 150 µm Ottawa quartz sand) on colloid transport and deposition. 
They concluded that for a given injection concentration of colloidal solution under a 
constant Darcy velocity of approximately 0.1 cm/min, decreasing sand size and 
increasing the colloid size resulted in increased mass retention in the sand near the 
column inlet and relatively lower concentration in the effluent.  
In addition to size effects, the surface roughness of porous media also affects colloid 
transport. In the experimental study by Ryan and Gschwend (1994), when pH 10 NaOH 
solution (salt concentration 0.001M) was injected into a column where hematite colloids 
were coated on quartz grains, only about 1% of the total colloids were released even 
though the isoelectric point of the hematite colloids was about pH 8.0. This finding was 
attributed to surface roughness of the quartz grains. Yoon et al. (2005) visualized the 
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micron-size particles transport through glass bead systems with both smooth and rough 
surfaces. It was found that in the smooth bead system the filtration capacity was 
approximately invariant with transport distance, while in the rough bead system the 
filtration capacity showed a decrease with transport distance. 
 
3.2.2.5. Effects of Colloid Concentration 
Harmand et al. (1996) performed step-injection column tests (7.35 cm in length x 0.9 
cm in diameter) to study the effect of colloid concentration on the transport and capture 
of negatively-charged latex colloid particles in a negatively-charged natural Entraigues 
sand. The concentrations of latex colloids used in the tests were 10, 20, 50 and 100 mg/l 
at a constant ionic strength of 0.01 M NaCl. Harmand et al. (1996) indicated that colloid 
concentration seemed to play an important role in transport and deposition. A higher 
concentration enhanced deposition of latex colloid particles onto the surfaces of cleaned 
natural sands. Sen and Khilar (2006) reported that a critical particle concentration exists 
beyond which the porous medium becomes plugged due to multiparticle blocking. The 
magnitude of critical particle concentration strongly depends on the ratio of porous media 
grain size to colloid particle size. 
However, Bradford and Bettahar (2006) observed that increasing the input colloid 
concentration produced less deposition and higher mass recovery in the effluent, 
especially for coarser sands and smaller colloids. These results were observed in a series 
of column experiments using negatively-charged carboxyl latex colloids and Ottawa sand 
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as the porous medium. Bradford and Bettahar (2206) attributed these findings to higher 
repulsive interactions between colloids in the aqueous phase and colloids deposited on 
sands surfaces at higher colloid concentration. Bradford and Bettahar (2006) also found 
that the vast majority of colloid mass was retained at or near the column inlet. 
 
3.2.2.6. Effects of Physical and Chemical Heterogeneities 
Physical and chemical heterogeneities are common in natural and engineered aquatic 
environments. Different types, sizes and distribution of soils cause the physical 
heterogeneities in soil formations, which facilitate colloid transport in preferred flow 
paths (e,g., Saiers et al. 1994) and limit colloid migration through low hydraulic 
conductivity  layers (Ren et al. 2000). Chemical heterogeneities are a product of 
geochemical, biological and structural variability commonly associated with mineral 
surfaces (Johnson et al., 1996). The surfaces of soil solids are inherently heterogeneous 
due to physical and chemical imperfections. These imperfections include cracks, edges, 
lattice defects and chemical impurities, producing variations in density and sign of 
electrostatic charges on solids surfaces. The presence of iron, aluminum, manganese, or 
other cations makes grain surfaces totally or partially positively charged at near-nutural 
pH, which creates favorable deposition sites for negatively-charged colloidal particles. 
Thus, heterogeneities have an important effect on colloid transport in porous media. 
Saiers et al. (1994) conducted column tests and mathematical modeling to study the 
effect of physical heterogeneities on colloidal silica transport. The physical 
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heterogeneities in the research were characterized by a structured sand formation. The 
structured sand formation was constructed by centering a thin vein of coarse sand within 
a matrix of fine sand. Column dimensions were 14.5 cm in length by 4.8 cm in diameter. 
The sand particles were well-rounded quartz, which were carefully cleaned before use. 
The colloidal silica particles had a mean diameter of 91 nm and were negatively charged. 
The experimental and numerical results indicated that over 60% of the total colloidal 
silica mass traveled through the preferred flow path. The mass exchange between the 
coarse vein and the fine matrix was found to be small. 
The effects of chemical heterogeneities investigated by Johnson (1996), Ryan et al. 
(1999), Elimelech et al. (2000) and Loveland et al. (2003) showed that small changes in 
the fraction of favorable deposition sites can dramatically affect the time and colloid 
concentration for complete breakthrough. Johnson et al. (1996) considered the influence 
of geochemical heterogeneity on the transport of silica colloids (300-nm-diameter) in 
column experiments under a constant flow velocity of 1.02 × 10-4 m/s. Geochemical 
heterogeneity of the porous medium was introduced by coating some of the quartz sand 
particles with iron-oxyhdroxide, which varied between 0% for clean sands and 16% for a 
mixture of clean and coated sands. Colloid deposition did not occur on the clean sand, but 
was noted on the coated sand. The colloid concentration in the effluent decreased with 
increasing percentage of coated sands, implying colloid deposition increased with 
chemical heterogeneities. As deposition proceeded, the rate of deposition declined as the 
colloids accumulated on the sand surfaces. The accumulation of negatively-charged 
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colloid particles reduced the percentage of positively charged areas, which blocked or 
limited further deposition.  
Elimelech et al. (2000) did similar column experiments to explore the effects of 
geochemical heterogeneities on the transport of negatively-charged silica colloids with a 
mean diameter of 0.3 µm. To introduce chemical heterogeneity, uniform quartz sands 
(0.32 mm diameter) were cleaned and then modified by anhydrous silylation with 
aminosilane. Mixtures with different amounts of modified and cleaned sands ranging 
from 0% to 100% were used in the columns (3 cm in length and 2 cm in inner diameter). 
Silica colloid solutions with constant ionic strength of 0.001 M NaCl and pH in the range 
of pH 5.6-5.8 was injected into the columns at a constant approach velocity of 2 × 10-4 
m/s. The results demonstrated that the colloid removal efficiency by quartz sands 
increased as the degree of chemical heterogeneity increased. For example, the colloid 
removal efficiency increased from 8% for the clean sand system to 98% for the 100% 
aminosilane-modified sands. The results also suggested that the effects of chemical 
heterogeneity were much more pronounced than the effects of ionic strength. 
Ryan et al. (1999) conducted field experiments to study bacteriophage PRD1 and 
silica colloid transport and recovery in both contaminated and uncontaminated zones in 
an iron oxide-coated sand aquifer on Cape Cod, MA. They examined surface potentials 
of the aquifer sands and found that the presence of clay minerals and amorphous ferric 
oxyhydroxides created positively-charged patches in the aquifer. These 
positively-charged patches attracted the negatively-charged PRD1 and silica colloids and 
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limited transport. The importance of ferric oxyhydroxide patches on the transport of 
PRD1 and silica colloids in the Cape Cod aquifer was verified by addition of reductant 
solution (ascorbic acid) to remove the coatings by reductive dissolution. The removal of 
the coatings resulted in the release of the attached PRD1 and silica colloids. 
Loveland et al. (2003) examined the transport of silica-coated zirconia colloids in 
geochemically heterogeneous porous media in an aquifer tank at a scale comparable to 
field experiments. The dimensions of the experimental tank were 5.0 m long × 0.1 m 
wide ×1.0 m high. Geochemical heterogeneities were introduced using different mixtures 
of sands and sands coated by ferric oxyhydroxides in different layers. The upper, middle 
and lower layers consisted of 0.1 wt %, 10 wt % and 5 wt % coated sand, respectively. 
The positively-charged coated sands created favorable deposition sites for the 
negatively-charged colloids, while the uncoated sands represented unfavorable deposition 
sites. The sands had d50 of 0.5 mm, d10 of 0.37 mm and a uniformity coefficient of 1.4, 
while the colloids were silica-coated zirconia with a mean size of 150 nm. The flow rate 
was kept constant at 8000 ml/h. The results showed that the colloids transported through 
the chemically heterogeneous sand aquifer over 1.65 m in 95 days. Colloid deposition 
was strongly influenced by geochemical heterogeneities. After the deposited colloids 
covered the surfaces of coated sands, deposition was blocked and breakthrough of the 
colloids occurred. It was found that the time for breakthrough after the onset of blocking 
increased with increasing percentage of coated sands. Comparing colloid transport in the 
middle and lower layers showed that approximately doubling the favorable deposition 
  
76
sites caused the time to blocking breakthrough to about double from 28 to 65 days. 
Increasing the fraction of coated sands also caused the concentration of colloids in the 
effluent to decrease. Mica edges in the uncoated sand were thought to be one of the 
sources of favorable deposition sites. 
 
3.2.2.7. Effects of Organic Matter 
The presence of organic materials in the porous medium generally limits deposition 
of colloids, thus enhancing colloid transport. Kretzschmar and Sticher (1998) used 
hematite colloids to show the role of humic acid in facilitating colloid transport through 
sandy alluvial soil. Without humic acid, no pure hematite colloids (122 nm-diameter and 
positively charged) were able to breakthrough the 45 cm long column. However, the 
fraction of colloids recovered in column effluents increased up to approximately 80% in 
the presence of ≥ 1 mg/L humic acid. The addition of humic acid caused reversal of 
surface charge of hematite colloid from positive to negative and therefore prevented 
attachment of the colloids to the porous medium surfaces. 
Bacteriophage PRD1 and silica colloid transport and recovery field experiments 
performed by Ryan et al. (1999) in sewage-contaminated and uncontaminated zones of an 
iron oxide-coated sand aquifer on Cape Co, MA indicated that adsorbed organic and 
phosphate materials on the positively-charged patches of sand surfaces could mask 
negatively charged or even reverse the surface charge. As a result, the deposition of  
 
  
77
PRD1 and silica colloids was limited and the release was enhanced in contaminated zone 
where the organic materials were abundant compared to the uncontaminated zone. 
Franchi and O’Melia (2003) evaluated the effects of Suwannee River humic acid 
(SRHA) on the deposition and release of latex colloids in soda-lime glass beads. By 
comparing the column tests with and without SRHA, it was observed that the presence of 
SRHA resulted in reduced deposition efficiencies and increased release of deposited 
colloids because the adsorption of SRHA on the surfaces of colloidal particles and 
medium grains increased electrostatic and steric repulsion. However, under the condition 
of low ionic strength (e.g. less than 0.01 M), complete or near complete recovery of 
deposited colloids could be achieved independent of the presence of SRHA. 
 
3.3. TRANSPORT OF GELLING COLLOIDAL SILICA SOLUTIONS 
Although colloid and colloid-facilitated transport have been studied extensively, little 
research has been done to investigate the transport of gelling colloidal silica solutions. 
Colloidal silica transport is greatly affected by the time-dependent gelation behavior, and 
is remarkably different from simple colloid transport. Prior to gelation, transport of 
colloidal silica particles in porous media is expected to follow the same mechanisms as 
simple colloid transport. Saiers et al. (1994) showed that colloidal silica transport in 
porous media could be understood in terms of advective and dispersive transport. 
However, as the viscosity of gelling colloidal silica increases, it becomes the primary 
factor dominating transport (Persoff et al., 1994; Koch, 2002; Gallagher and Finsterle, 
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2004; Gallagher and Lin, 2005; Gallagher et al., in press; Gallagher et al., 2006; Lin and 
Gallagher, 2006). As the viscosity of the colloidal silica solution increases, there is a 
corresponding decrease in the hydraulic conductivity of the porous medium, which 
severely restricts transport. This was evidenced in laboratory and field experiments 
(Persoff et al., 1998; Koch, 2002; Gallagher and Lin, 2005; Lin and Gallagher, 2006; 
Gallagher et al., 2006). 
In both column injection tests (Persoff et al., 1998) and a full-scale field test 
(Gallagher et al. 2006), researchers found that pumping pressure increased rapidly as 
viscosity increased and the stabilizer began to gel. In box model experiments, Koch 
(2002) found that adequate coverage of loose sand could not be achieved if the gel time 
was too short. In 3- and 10-foot column tests on loose Nevada and Ottawa sand, 
Gallagher and Lin (2005) and Lin and Gallagher (2006) observed that 5 wt % colloidal 
silica stabilizer stopped traveling when the viscosity of grout doubled. 
 
3.3.1. Previous Laboratory and Field-scale Studies 
3.3.1.1. Contaminant Fixation and Flow Control 
Noll et al. (1992) did pilot-scale tests using a sandbox to study the formation of a 
water flow barrier using Ludox® SM colloidal silica diluted to 5 wt %. The sandbox was 
3.6 m long × 1.8 m wide × 1.2 m deep and filled with sand with a mean diameter of about 
0.3 mm, an average porosity of 0.3 and a hydraulic conductivity of approximately 3.0 × 
10-2 cm/s. The colloidal silica grout had a gel time of about 16 hours. The grout was 
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delivered using a combination of 4 injection and 6 extraction wells. The injection wells 
were located in the center of the box and spaced at equal intervals. Two sets of 3 
extraction wells were installed. Each set of extraction wells was located halfway between 
the injection wells and the sandbox wall. The injection and extraction rates were 250 
ml/min and 167 ml/min per well, respectively. Dilute colloidal silica was injected for 14 
hours. Post-injection hydraulic conductivity tests and excavation showed that a colloidal 
silica stabilized wall with a width of about 150 cm and a final hydraulic conductivity of 4 
× 10-6 cm/s was formed. 
Persoff et al. (1994) performed 0.9-m column tests in which Nyacol 1440 colloidal 
silica was injected into Hanford sand. In the preliminary experiments, the colloidal silica 
grout was infiltrated by gravity into vertical columns. It was found that 50 wt % colloidal 
silica (50 wt %, 14-nm-diameter) penetrated less than 0.3 m of the column prior to rapid 
gelation due to the presence of divalent cations in the soil.  Even after dilution to 20 wt 
%, the viscosity increased rapidly during injection, resulting in injection pressures as high 
as 0.7 MPa before the grout penetrated the column. After the second experiment, 
dissection of the column revealed that gelation occurred between 0.6 and 0.87 m. 
However, when diluted colloidal silica grout with concentration of 13 wt % was used, 
injection pressures were moderate and no significant increase in injection pressure was 
observed during the injection. The dissected column revealed that gelling occurred 
between 0.45 and 0.9 m. These results indicate the significant influence of colloidal silica 
gelling behavior on its delivery through the sand column. Based on these studies, Persoff 
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et al. (1994) concluded that the design of colloidal silica grouting must be preceded by a 
careful analysis of the specific site soil chemistry and hydraulic heterogeneity. 
Persoff et al. (1998) performed column injection pressure tests to evaluate the 
feasibility of forming a colloidal silica barrier under an unlined retention basin at the 
Savannah River site. The dimension of the column was about 1 inch in diameter and 36 
inches in length. Three types of colloidal silica, with diameters of 14, 7and 8 nm and 
concentrations of 32.2 wt %, 31.8 wt % and 27.8 wt %, respectively, were used in column 
tests. The colloidal silica grouts were injected into the columns from the bottoms of 
columns at a flow rate of 1 pore volume per 30 minutes, during which injection pressures 
were monitored. The tests showed if gel times of 2 hours were used, 2 pore volumes of 
colloidal silica grout could be injected at fairly low pressures. However, when gel times 
of 1 hour were used, injection pressure exceeded 100 psi (700kPa) before 2 pore volumes 
could be injected. As would be expected, injection pressures increased as the viscosity 
increased.  
Manchester et al. (2001) investigated the feasibility of emplacing a viscous liquid 
barrier for encapsulating radioactive isotopes in the native soils using 9 different types of 
colloidal silica grout to select grout candidate for field application in various laboratory 
experiments including gel time tests, column injection tests, flexible wall hydraulic 
conductivity tests and large 3-D tank tests. Column injection tests were used to produce 
grouted native sand samples for laboratory hydraulic conductivity tests. Flexible wall 
hydraulic conductivity tests were conducted to determine the hydraulic conductivity of 
  
81
grouted samples and select the most suitable type of colloidal silica for 3-D tank tests. 
The testing results showed that the hydraulic conductivity of the soils grouted by 
different colloidal silica solution ranged from 3.2 x 10-7 cm/s to 1.03 x 10-4 cm/s. The 
colloidal silica producing the lowest hydraulic conductivity (4 to 5 order less than the 
native sand) was selected for a 3-D tank test.  
As discussed in Section 2.2.3, Manchester et al. (2001) used large tanks to create 
low-hydraulic conductivity grout bulbs by injecting NP 6010 colloidal silica. Grout bulbs 
of 68 and 60 cm diameter were created in the 1.2 and 1.5 m diameter tank, respectively. 
Permeameter tests on the grouted sands in the tanks showed that the mean hydraulic 
conductivities of the 68 and 60 cm diameter bulbs were 4.91 x 10-6 cm/s and 3.87 x 10-6 
cm. Compared to the untreated native sand, the hydraulic conductivity of the treated sand 
was reduced by 2 to 6 orders of magnitude. 
  
3.3.1.2. Liquefiation Mitigation  
Koch (2002) performed box model tests to investigate the delivery of colloidal silica 
through porous media. The box model had a central chamber for sand placement and two 
outer reservoirs for groundwater control. The model was 76 cm long, 30.5 cm wide and 
26.5 cm high. The flow length through the sand was 46 cm and each water reservoir was 
15 cm long. Nevada No. 120 was placed in the sand chamber by pluviation, creating a 20 
cm thick layer with an average porosity of 0.4 and a relative density of 40%. Dilute 5 wt 
% Ludox® SM was used to treat the models. Gel times ranged from 1 to 11 days in 
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different models. Overall water flow through the sand chamber was under the constant 
hydraulic gradient of 0.04. The colloidal silica was delivered through the injection wells 
located 15 cm from the upgradient edge of the sand. The delivery rate of colloidal silica 
ranged from 8 ml/min to 46.7 ml/min. The results from the tests showed that the delivery 
of colloidal silica through the sand depended primarily on the viscosity of the stabilizer, 
which was a function of gel time. If the gel time was too short, the viscosity increased too 
rapidly for the stabilizer to cover the entire model. If the gel times were too long, the 
colloidal silica could be flushed out of the treated area by the overall water flow.  
Thevanayagam and Jia (2003) conducted 1-D column groutability tests and 3-D box 
model tests to study the injection of colloidal silica using electro-osmotic grouting. In 
1-D groutability tests, silty sands consisting of 40 wt % Ottawa sand and 60 wt % silt 
were packed at a void ratio of 0.55 in a column of 5.1 cm in diameter and 24 cm long. 
Tests using 15 wt % colloidal silica were performed. The column was saturated with 
water and then grout was introduced into the column at the anode inlet tube and moved 
toward the cathode outlet tube. A D.C. voltage gradient of 1.5 V/cm was applied during 
the tests. Results showed that the column was successfully treated in about 2 days, which 
translated into an average elctro-kinetic hydraulic conductivity of 10-5 cm/s/v/cm. It was 
also found that during the injection, the pH changed in the anode and cathode regions due 
to elecrolysis reactions. It was noted that if the pH becomes highly acidic, the colloidal 
silica would polymerize and form a gel quickly, prohibiting further grout penetration into 
the soil. 
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A 3-D model tests was also done in which silty sands were treated by electo-osmotic 
grouting. The sands consisted of 40 wt % Ottawa sand and 60 wt % silt. The sand box 
was 55 cm by 35 cm in plan and 25 cm in depth and filled to a height of 17.5 cm with 
saturated silty sand. The injection well served as the anode while a steel rod served as the 
cathode. The anode and cathode were separated by 20 cm. The silty sand was treated for 
24 hours using 15 wt % Ludox® SM colloidal silica, resulting in a treated zone with a 
radius of 12 cm centered at the injection well.  
Gallagher and Finsterle (2004) used physical and numerical modeling experiments to 
explore the transport of colloidal silica through loose, saturated sands. The experimental 
details are the same as those reported by Koch (2002). During the injection period of 10 
hours, approximately 1.5 pore volumes of colloidal silica were delivered into the sand 
during the injection. The diluted 5 wt % Ludox® SM colloidal silica was mixed such that 
the viscosity of the stabilizer increased by a factor of 10 within about 10 hours after 
mixing. The results of physical box model tests indicated that it was possible to 
uniformly deliver the colloidal silica stabilizer to loose sands using low-head injections 
and extraction wells. Numerical simulation using iTOUGH2 with consideration of 
viscosity and gravity effects was capable of reproducing colloidal silica transport even 
though the details of colloidal silica distribution were not accurately captured. Both 
physical and numerical modeling showed that gel time curves significantly affected the 
stabilizer migration as viscous forces dominated the flow of the stabilizer. The research 
showed that gravity facilitated downward migration of colloidal silica in porous media. 
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3.3.2. Previous Field Studies 
3.3.2.1. Contaminant Fixation and Flow Control 
Jurinak et al. (1989) used Ludox® SM in 11 well repairs for water injection profile 
modification (4 wells), water production control (3 wells) and remedial casing repair (4 
wells). The objectives were to develop a high performance gel system to solve reservoir 
fluid flow problems. The field applications demonstrated that colloidal silica gel 
performed well in a wide range of reservoir environments. Zones with previous 
hydraulic-fractures were successfully treated and the colloidal silica gels were stable over 
a long time.  
Noll et al. (1993) performed a field-scale pilot test to stabilize contamination hot 
spots and to construct a horizontal containment barrier. For the hot spot pilot tests, the 
injection and extraction wells system was determined to be a hexagonal array of 
extraction wells with a single injection well located at the center. The center to center 
distance between the injection well and extraction well was 10 feet. The total injection 
and extraction rates were 3 gallons/min with estimated travel times of 24 hours. For the 
horizontal hydraulic conductivity barrier, two parallel rows of three injection and three 
extraction wells were used. The distance between injection and extraction wells was 
about 12 feet. The injection and extraction rates were 1.5 gallon/min with estimated 
travel times of 36 hours. The total area to be treated was about 14 by 12 by 6 feet thick.  
The soil strata of the testing area consisted of a uniform fine- to medium- grained 
sand with a hydraulic conductivity of 1.3 × 10-2 cm/s and porosity of 0.17. The thickness 
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of the saturated soil averaged 30 feet. The water table was from 2 to 3 feet below the 
ground surface. Five wt % Ludox® SM was used. Prior to the pilot tests, numerical 
modeling using MODFLOW and MODPATH were carried out to design the injection 
system, injection and withdrawal rates, and colloidal silica travel times. However, these 
programs cannot account for variable density or viscosity, which explains the difference 
between the numerical and experimental results. 
The post-injection ground penetrating radar surveying showed that approximately 16 
feet in diameter and 10 feet thick stabilization zone in hot spot pilot tests formed, and 16 
by 16 by 6 feet deep grouted zone in horizontal barrier pilot test was created. It was also 
found during the tests that the hydraulic head in the injection wells increased beyond 
about 22 hours for the hot spot tests and 66 hours for horizontal barrier tests after 
injection of colloidal silica.  
Moridis et al. (1996) conducted a field test using colloidal silica as grout to form a 
contaminant fixation barrier. The experimental sites consisted of heterogeneous 
unsaturated alluvial deposits of clay, silt, sand and gravel. The colloidal silica used was 
Nyacol DP5110 with solid concentration of 30 wt % and pH 6.5. The purpose of the 
experiment was to investigate the injection of low viscosity grout using standard 
permeation grouting equipment, to monitor the grout fluid movement, to control the gel 
time, to create a uniform grout barrier in heterogeneous alluvial deposits, and to reduce 
the hydraulic conductivity of grouted sands. All the objectives were achieved. About 400 
gallons of colloidal silica was injected into 2 injection wells at depths of 10, 12 and 14 
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feet. The excavation and visual inspection after the field tests revealed that colloidal silica 
had gelled and provided enough strength for the 10 feet high vertical sections of grouted 
soil to stand without collapsing. The post-excavation analyses indicated that the hydraulic 
conductivity on the order of 10-4 cm/s of the untreated soils was reduced to the order of 
10-6 cm/s of the soil grouted by colloidal silica. 
 
3.3.2.2. Liquefaction Mitigation 
Gallagher et al. (2006) recently did a full-scale field experiment using Ludox® SM to 
assess the performance of dilute colloidal silica stabilizer for mitigation of liquefaction 
risk. Details of the test were described in Section 2.2.1.5. The stabilizer used was DuPont 
Ludox® SM-30 (7-nm-diameter), which was diluted to about 8 wt % for the experiment. 
The gel time of colloidal silica was adjusted to be approximately 90 minutes by the 
addition of sodium chloride. 
Treatment was accomplished using 8 injection wells installed around the perimeter of 
the 9 m diameter test area. An extraction well was located at the center of the treated area. 
Using a 2-stage, bottom-up injection technique, the colloidal silica stabilizer was injected 
through injection wells in one-by-one sequence. The injection rate was maintained at 
about 13 L/min. A 2-m-thick liquefiable sand layer, located at the depth between 6.5 m 
and 8.5m, was expected to be stabilized by colloidal silica.  
During the experiment, the influence of viscosity of colloidal silica grout on the 
injection was noted by examining the flow rate and the injection pressure during the test. 
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Gallagher et al. (2006) found that the flow rate of colloidal silica grout were very low 
near the end of grouting process and the attempts to increase flow rate by increasing 
injection pressure were unsuccessful. It was also noted that as the amount of grout 
injected into formation increased, the drawdown of water level in the central extraction 
well increased. The reason was thought because gelation of the grout causing a decrease 
in hydraulic conductivity, which resulted in less recharge to the well. As the viscosity 
increased, the grouting pressure increased. . 
 
3.4. SUMMARY 
• When particles move with groundwater in porous media, they may undergo filtration 
(surface and straining filtration), gravitational settling or physico-chemical filtration. 
For colloid-size particles, physico-chemical filtration becomes important. Colloid 
transport in saturated porous media can generally be described by mechanisms of 
advection, hydrodynamic dispersion and mass transfer between the aqueous and solid 
phases within porous media. 
• Mass transfer between the aqueous and solid phases is a kinetic process in which 
colloids are removed from pore fluid and deposit onto the surface of medium solids, 
and then the deposited colloidal particles may detach or be released from the solid 
surface into pore fluid. The kinetic process of deposition and release obeys a first 
order rate law. The deposition and release process can be understood using DLVO 
theory or extended DLVO theory and filtration theory. 
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• The deposition and release rates when colloids transport through the porous medium 
can be estimated mathematically or by fitting the mathematical model to test data. 
However, the discrepancies between numerical prediction and test data often exist 
due to complicated chemical and physical factors such as fluid chemistry, surface 
chemistry of colloidal particles and medium solids, porous medium heterogeneity, 
colloidal particle size, shape and concentration, and pore fluid velocity. 
• Numerous column tests have been done to investigate the effects of chemical and 
physical variables on colloid or colloid-facilitated transport. The effects of the 
variables, reviewed in Section 3.2, are summarized in Table 3-1.  
• The greatest difference between simple colloid transport and transport of gelling 
colloidal silica solutions in porous media is that the time-depended gelation process 
plays a significant role in determining how far the colloidal silica solution can be 
transported.  
• Few studies were performed to study the transport of gelling colloidal silica solutions 
in porous media. Previous studies have typically focused on contaminant-fixation or 
creating flow-control barriers. These studies show the importance of viscosity in 
practical applications of colloidal silica for engineering purposes. Injection of gelling 
colloidal silica solutions requires careful control of gel time, so the viscosity of the 
grout remains low during injection.
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Table 3-1. Factors affecting colloids transport through porous media 
 
Factors Advection-Dispersion Deposition Release 
Elevating pH  - Weaken  for 
negatively-charged 
colloid and medium 
solids 
Enhanced for 
negatively-charged 
colloid and medium 
solids 
Increasing ionic 
strength 
- Enhanced Weaken 
Increasing flow 
rate 
Enhanced Weaken Enhanced 
Smaller ratio of 
colloid size to 
medium particle 
size 
Enhanced Enhanced Weaken 
Rough surface - Enhanced Weaken 
Increasing 
colloid 
concentration 
Enhanced caused by 
increased concentration 
gradient  
Enhanced at the 
beginning and weaken 
after blocking. 
weaken at the 
beginning and enhanced 
after blocking 
Chemical 
heterogeneity of 
medium 
- Enhance Weaken 
Physical 
heterogeneity 
Enhanced through the 
referred flow path 
- - 
Organic 
materials 
- Weaken Enhanced 
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Fig. 3-1. Schematics of interaction between colloid and surface of medium solid 
(modified from Ryan and Elimelech, 1996) 
 
 
 
 
 
Fig. 3-2. Effects of pH on total interaction potential of kaolinite-pore surface system 
(reviewed by Sen and Khilar, 2006) 
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Fig. 3-3. Effects of ionic strength on kaolinite-pore surface system 
(reviewed by Sen and Khilar, 2006) 
 
 
 
 
 
Fig. 3-4. Conceptual diagrams of plugging/entrapment of colloid fine particles 
(reviewed by Sen and Khilar, 2006) 
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CHAPTER 4. COLLOIDAL SILICA TRANSPORT THROUGH 
LIQUEFIABLE POROUS MEDIA: 3-FOOT COLUMN TESTS 
 
4.0. INTRODUCTION 
The purpose of the short column tests (3-foot) was to explore the ability to deliver 
colloidal silica solutions uniformly into short columns of liquefiable soil, with subsequent 
gelation to mitigate the liquefaction potential. The main goals were to determine if the 
solution could be transported in an adequate concentration to stabilize the sand and to 
understand the mechanisms of colloidal silica transport through liquefiable soils. The 
experimental program consisted of 15 short (3-foot) column tests packed with loose 
Nevada No. 120 sand, Ottawa 20/30 sand, and 5 wt % or 10 wt % graded silty sand that 
were grouted with 5 wt % colloidal silica. Numerous variables were considered, 
including the viscosity, pH, and ionic strength of the colloidal silica dispersion, and the 
soil type, hydraulic gradient and hydraulic conductivity of the porous medium. 
 
4.1. THREE-FOOT COLUMN TESTS 
4.1.1. Experimental Program 
Fifteen 3-foot column tests were performed to investigate the influences of pH, ionic 
strength, hydraulic gradient, soil type and viscosity on the delivery of colloidal silica 
grout through the porous media. The weight of silica in solution was held constant at 5 wt 
% because it is the smallest amount that will both gel and provide adequate stabilization 
(Gallagher and Mitchell 2002). The pH and ionic strength were varied in the ranges 
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expected to be used in practice. The hydraulic gradients were selected to be 
representative of actual gradients expected in the field or gradients that might be achieved 
using injection and extraction wells. The soils were selected to bracket the range of soils 
over which the method might be applicable.   
Details of the individual tests are summarized in Table 4-1. The pH was varied 
between 6.2 and 7.1 (Tests 1 to 5), while ionic strengths ranged from 0.05N to 0.2N (Test 
6 to 9). The effect of hydraulic gradient was studied in 3 tests utilizing Nevada sand as 
the porous media (Tests 4, 10 and 11). Four types of soil with different hydraulic 
conductivities were used including Nevada No. 120, Ottawa 20/30, 5 wt % graded silty 
sand and 10 wt % graded silty sand (Tests 4 and 12 to 15).  
 
4.1.2. Materials Used 
4.1.2.1. Soils 
The soils used in the column studies were Nevada No. 120 sand, Ottawa 20/30 sand 
and silty sand. The grain size distribution curves of the soils are shown in Fig. 4-1. The 
grain size distributions of all soils were determined in general accordance with ASTM 
D422, Standard Test Method for Particle Size Analysis of Soils. Index properties of the 
soils are listed in Table 4-2. The maximum and minimum densities of Nevada sand and 
Ottawa were obtained from Arulmoli et al. (1992) and Koch (2002), and U.S. Silica®, 
Ottawa, Illinois, respectively. The maximum and minimum densities of 5 wt % and 10 wt 
% silty sands were determined using the procedures similar to the Standard Test Method 
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for Maximum Index Density of Soils using Vibrating Table (ASTM D 4253) and the 
Standard Test Method for Minimum Index Density of Soils and Calculation of Relative 
Density (ASTM D 4254). 
Fig. 4-1 shows that the soils tested are in the range of most liquefiable soils (after 
Mitchell, 1981). Nevada and Ottawa sands are uniformly graded silica sands. The Cc and 
Cu of the Nevada sand were 0.92 and 1.41, respectively, while the Cc and Cu of the 
Ottawa sand were 1.0 and 1.16, respectively. The silty sand was mixed from a graded 
sand and silt. The graded sand was donated by James Anderson Construction Company. 
The silt was obtained from dredged materials passing the No. 200 sieve that were 
excavated from the U.S. Army Corps of Engineers Fort Mifflin Containment and 
Disposal Facility. The Cc and Cu of 5 wt % silty sand are 1.0 and 2.95, respectively. For 
10 wt % silty sand, the Cc and Cu are 1.23 and 3.88, respectively. 
Detailed values of relative densities and hydraulic conductivities for the individual 
tests are listed in Table 4-1. The relative densities were determined based on the density 
measured in each test compared to the maximum and minimum densities. The density for 
each test was obtained by dividing the weight of soils in the column by the column 
volume. The relative densities of Nevada No.120 sand and 5 wt % silty sand shown in 
Table 4-2 are the average values from all the tests. The hydraulic conductivities were 
determined by measuring the flow rate during preflushing with tap water before colloidal 
silica was introduced. The hydraulic conductivities of Nevada sand and 5 wt % silty sand 
shown in Table 4-2 are average values. 
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4.1.2.2. Colloidal Silica 
The colloidal silica used in the column tests was Ludox® SM-30 purchased from 
Grace Davison of Columbia, Maryland. It is supplied as a 30 wt % solution with a 
viscosity of 5.5 cP and a pH of 10. The average silica particle size of Ludox ® SM-30 is 
7 nm. Therefore, as discussed in Section 2.1 of Chapter 2, with a constant colloid size and 
wt % of colloids, the primary variables influencing gel times are ionic strength and pH. 
The colloidal silica solutions were diluted to 5 wt % silica using tap water. This 
dilution was chosen because previous studies indicated that liquefiable sands treated with 
5 wt % colloidal silica show adequate resistance to cyclic deformation (Gallagher and 
Mitchell 2002). The pH and ionic strength of the stabilizer were adjusted using 6 N HCl 
and reagent grade NaCl obtained from Fisher Scientific, respectively. The gelation was 
determined by monitoring the viscosity change with time. The viscosities of the colloidal 
silica solutions were measured using a Brookfield DV II+ Programmable Viscometer as 
shown in Fig. 4-2. 
The ionic strength and pH values for individual 3-foot column tests are summarized 
in Table 4-1. The gel time curves are shown in Figs. 4-3 through 4-5. These curves show 
that the viscosity increase with time can be described as an exponential function of time. 
The gel time curves of colloidal silica solutions with ionic strength of 0.1 N and pH 
ranging from pH 6.2 to pH 8.7 are shown in Table 4-3 and Fig. 4-3, which shows a wide 
range of gel times ranging from about 1.5 days to 72 days. Table 4-3 and Fig. 4-3 
demonstrate that for a constant ionic strength, the gel time increased with increasing pH. 
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The gel time curves of colloidal silica solutions with a constant pH of 6.8 and ionic 
strength ranging from 0.05 N to 0.2 N are shown in Table 4-4 and Fig. 4-4. Fig. 4-4 
shows that as the ionic strength or NaCl concentration increases, the gelling of the 
colloidal silica solution is accelerated. Colloidal silica solutions with higher ionic 
strengths have shorter gel times. By adjusting ionic strength from 0.05 N to 0.2 N, the gel 
time of colloidal silica solution decreases from about 7.5 to 0.5 days. 
 
4.1.3. Column Setup and Testing 
The column was constructed of 4-inch (10-cm) I.D. transparent PVC pipe with a wall 
thickness of 0.25 inches (6 mm). The column consisted of three 1.0 foot (0.3 m) sections 
for a total length of 3 feet (0.9 m). A schematic of the column is shown in Fig. 4-6. The 
1-foot sections were joined with flexible couplings. Each section was split vertically to 
facilitate sample removal after treatment. During assembly, each section was sealed to 
prevent leakage using O-rings and silicone caulk. End caps were used on the top and 
bottom of the column. The overall groundwater flow was supplied from the inlet valve, 
connected to the inlet chamber, through the bottom end cap. The colloidal silica grout 
was delivered from the injection valve located at the height of 1 inch (2.5 cm) above the 
top of the bottom cap. The water flowed through the outlet valve of the top cap to the 
outlet chamber. During each test, a constant hydraulic gradient was maintained using the 
inlet and outlet water chamber. The gradients were selected to represent typical aquifers. 
The colloidal silica was delivered to the column via the stabilizer chamber, which was 
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supplied by a peristaltic pump. The column has 9 sampling ports along the length of the 
column (labeled 1 through 9 from the bottom to the top) that were used to extract pore 
fluid samples during each test.   
To prepare the column for testing, the first section of the column was assembled and 
joined to the bottom cap using flexible coupling and silicone caulk. A metal filter screen 
was placed on top of the bottom cap to prevent the inlet channel from clogging. A 
4.5-cm-thick gravel filter was then placed on the filter screen to facilitate uniform 
stabilizer delivery throughout the entire cross section of the column. The first section was 
then filled by pluviating sand through water. Valid and Negussey (1988) reported that 
this method results in a homogeneous loose density regardless of drop height. The 
remaining sections were assembled one by one on top of the previous sections and filled 
in the same manner. The pluviating operation was carefully controlled to achieve a 
uniform density throughout the column length. Finally, the top end cap was placed on the 
column and sealed and the water chambers were connected to the top and bottom of the 
column. In Tests 13, 14 and 15, air pluviation, in which the drop height was carefully 
controlled, was used instead of water pluviation to discourage separation of the silt- and 
sand-sized fractions.  
Prior to stabilizer delivery, the column was flushed with tap water for about 2 to 3 
days to completely saturate the sample and to simulate a baseline groundwater flow 
regime. During this period, the flow rate was obtained by collecting the effluent from the 
top outlet, and the hydraulic conductivities were calculated for each test (Table 4-1). 
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Average values are shown in Table 4-2. Colloidal silica grout was then injected into the 
bottom of column. The grout level in the stabilizer chamber was maintained at the same 
level as inlet water chamber and was maintained at this level throughout grout delivery. 
Once grout injection began, it was supplied continuously until the entire column was 
treated or the grout viscosity increased so much that it stopped moving through the 
column. Between 1-1½ pore volumes of grout were used in the experiments. The silica 
grout was dyed with red food coloring to assist in the visual observation of grout 
progression through the column. In addition, chloride concentration, pH, and the 
viscosity of the supply solution were monitored throughout the experiment. The chloride 
ion concentration and pH were measured using a Fisher AR50 Accumet 
pH/conductivity/ion meter equipped with chloride and pH probes (Fig. 4-7), respectively. 
During the injection of colloidal silica grout, average flow rates were also monitored by 
recording the time it took to collect the effluent from the top outlet.  
The colloidal silica concentration in the pore fluid was determined by burning about 5 
ml of the pore fluid at 200ºC for 2 to 3 days. The weight of the material remaining after 
burning was used to calculate the percentage of silica in the original solution. This weight 
also included the NaCl contained in the sample as well as total dissolved solids in the tap 
water. These weights were assumed to be negligible compared to the weight of silica. The 
samples were heated in a single wall laboratory oven manufactured by the Blue M 
Electric Company. At the completion of grout delivery, the silica grout was allowed to 
gel. After gelation, the stabilized sand was extracted from the column and wrapped in 
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aluminum foil and sealed with tape to prevent moisture loss. A layer of plastic wrap was 
used between the sample and the foil to prevent chemical reactions from occurring. 
Finally, the treated soils were tested for unconfined compressive strength. 
 
4.2. RESULTS AND DISCUSSION 
The results from all 3-foot column tests are presented in Table 4-1. More details are 
shown in Table A1-1 to A1-15 in Appendix 1. The distributions of normalized chloride 
and colloidal silica concentrations with time are shown for each port. Pictures are also 
included when available. Figs. 4-8 to 4-15 show breakthrough curves of colloidal silica at 
the midpoint and top of the 3-foot columns. The breakthrough curves illustrate the change 
of colloidal silica concentration with time.  
 
4.2.1. Relationship between Colloidal Silica and Chloride Ion Concentrations  
Chloride was expected to be a conservative tracer and therefore a good indicator of 
the percentage of colloidal silica delivered throughout the column. To check the accuracy 
of this hypothesis, the silica and chloride ion concentrations of samples from tests were 
measured as described in the previous section. Both silica and chloride ion concentrations 
were normalized by dividing the sample concentration over the source concentration. The 
normalized colloidal silica and chloride ion concentrations from Tests 1 to 15 are shown 
in Fig.4-16. Some normalized silica concentrations are slightly greater than 1.0 which 
may be due to calibration difficulties with the chloride probe or the presence of NaCl or 
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total dissolved solids in the samples. Fig. 4-16 illustrates that there is a linear relationship 
between normalized colloidal silica concentration and normalized chloride concentration 
with an R2 value of 0.99. Therefore it can be concluded that the normalized chloride 
concentration is an excellent indicator of the percentage of colloidal silica in the pore 
fluid and filtration of the silica nanoparticles was not observed.  
 
4.2.2. Effects of Viscosity on Silica Transport 
The hydraulic conductivity of a formation is inversely proportional to the viscosity of 
the permeant, according to the relationship 
µ
κγ=k                 (4-1) 
where k, κ γ and µ are hydraulic conductivity, intrinsic permeability, permeant density, 
and permeant viscosity, respectively. Based on this equation, for each tenfold increase in 
viscosity, there is a corresponding tenfold decrease in hydraulic conductivity. Therefore, 
low-pressure delivery of colloidal silica can only be accomplished while the viscosity 
remains low. As shown in Fig. 4-5, the viscosity of the stabilizer remains fairly low until 
just prior to gelation and then increases rapidly. This behavior is typical of gelling 
colloidal silica solutions.  
Based on the test results shown in Fig. 4-17, it was found that the progression of 
colloidal silica through the columns occurs most rapidly when the viscosity is less than 
about 3.6 cP. By the time the viscosity increases to about 3.6 cP, the flow rate of the 
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colloidal silica fluid has decreased to about 20% the initial flow rate and the travel time 
required has increased dramatically. Therefore, the available travel time of silica grout 
under low pressure is approximately the time between mixing and the doubling of the 
initial viscosity. For that reason, the gel time should be formulated such that the bulk of 
the travel occurs before the initial viscosity doubles.  
 
4.2.3. Effects of pH and Ionic Strength on Silica Transport 
The ionic strength and pH of the colloidal silica grout influence the gel time curve 
and therefore the viscosity of the stabilizer during injection. To investigate the influence 
of pH and ionic strength, a series of tests were done in which pH was varied while ionic 
strength was held constant (Tests 1 through 5). In addition, a series of tests were done in 
which ionic strength was varied while pH remained constant (Tests 4 and 6 through 9). 
Details of the colloidal silica grouts are shown in Table 4-1, 4-3 and 4-4. Fig.s 4-8 and 
4-10 show that breakthrough times at the midpoint of the column were similar except in 
Test 6. During this period, the viscosities of grouts remained very low (generally less 
than 2.8cP). In Test 6, the high ionic strength of the grout resulted in a viscosity increase 
above 4.4 cP before the grout could travel through the first half of the column.  
Figs. 4-9 and 4-11 show the breakthrough curves at the top of the column and 
demonstrate the importance of viscosity on travel time. As the viscosity increases, colloid 
transport decreases dramatically, resulting in increased travel times. For example, in Test 
4, delivery was largely complete in about 16 hours because the viscosity was still less 
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than 3 cP during this time. In contrast, delivery took about 30 hours in Test 3 because the 
viscosity increased faster than in Test 4. Generally the faster the viscosity increased, the 
longer it took for the grout to travel through the column. In Tests 5 and 7, only about 85% 
of the column was treated because the viscosity increased above 3.6 cP and travel 
essentially stopped at that time. In summary, pH values and ionic strength influence the 
viscosity, thus influencing the transport of the colloidal silica grout. 
 
4.2.4. Effects of Hydraulic Gradient on Silica Transport 
The hydraulic gradient provides the driving force to transport the colloidal silica grout 
through the saturated sand column. Three tests were done to investigate the effects of 
hydraulic gradient on colloidal silica grout transport. Tests 4, 10, and 11 had hydraulic 
gradients of 0.04, 0.087 and 0.137, respectively. The silica breakthrough curves at the 
midpoint and the top of the column are shown in Figs. 4-12 and 4-13, respectively. As 
expected, the results show that the speed of colloidal silica transport is proportional to the 
hydraulic gradient. This demonstrates that Darcy’s law can be applied to transport of 
colloidal silica through liquefiable sands under similar conditions. In these tests, the 
viscosity remained low during grout transport, so travel times were not delayed by 
increases in viscosity.   
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4.2.5. Effects of Soil Type on Silica Transport 
To study the effects of soil type on silica transport, results of tests on different types 
of sand were compared. Nevada sand, Ottawa 20/30, and a graded sand blended with 5 wt 
% and 10 wt % silt material were used in Tests 4 and 12 through 15. In general, the tests 
on silty sand were difficult to complete because the inlet and outlet ports repeatedly 
clogged due to movement of the silt particles out of the sand pores. A graded sand was 
selected to minimize this problem; however, in the case of Test 14, the colloidal silica 
stopped moving when it reached the midpoint of the column. It is thought that a filter 
cake might have formed inside the column and created a hydraulic barrier. This difficulty 
should be considered in field applications if low-permeability layers are present in the 
treatment area. 
Figs. 4-14 and 4-15 show the breakthrough curves of colloidal silica in different 
porous media at the midpoint and top of column, respectively. As expected, the transport 
rate was directly proportional to the hydraulic conductivity of the soil. The hydraulic 
conductivity of the Ottawa sand column was about two orders of magnitude higher than 
the hydraulic conductivity of the Nevada sand column (Tables 4-1 and 4-2). 
Correspondingly, the transport rate through the Ottawa sand column was nearly two 
orders of magnitude higher than through the Nevada sand column (Table 4-1). 
In the case of the 5 wt % silty sand, the hydraulic conductivities in Test 13 and 15 
were about the same. However, the hydraulic gradient in Test 13 was four times higher 
than that in Test 15, so colloidal silica transport in Test 13 was actually about four times 
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faster than that in Test 15. In Test 15 colloidal silica covered only 85% of column 
because the viscosity of colloidal silica was greater than 3.6 cP beyond that point. This 
furthers to demonstrate the effects of viscosity on colloidal silica transport in porous 
media. 
 
4.2.6. Unconfined Compression Test Results 
Samples of stabilized sand were taken from most sections along the column and 
tested for unconfined compressive strength. While unconfined compressive strength is a 
rudimentary test, it can be useful as a simple indicator of the degree of stabilization 
achieved. The testing results of the samples from all the 3-foot column tests are 
summarized in Table 4-5. Most of the values reported are averages of two or three 
samples taken from the treated column adjacent to the labeled port. The average strength 
of Nevada sand grouted with 5 wt % colloidal silica ranged from 30 to 60 kPa with 
standard deviations ranging from 5.2 to 16.4. These results are comparable to results 
reported by Gallagher and Mitchell (2002) for sands treated with 5 wt % colloidal silica. 
Stabilized sands with these strength values are expected to be able to mitigate the 
liquefaction risk. 
By comparing the unconfined compressive strength results between Nevada and 
Ottawa sands stabilized with the 5 wt % colloidal silica, it can be seen that the average 
unconfined compressive strength of Ottawa sand is much lower than the average  
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unconfined compressive strength of Nevada sand. This is thought to be due in part to the 
particle shape. Additionally, the larger voids in the Ottawa sand may play a role. 
 
4.3. CONCLUSIONS 
Laboratory experiments of 3-foot columns were carried out to understand colloidal 
silica transport mechanisms in saturated porous media. The following conclusions can be 
drawn from this work: 
• The single most important factor governing transport of gelling colloidal silica 
grouts in saturated porous media is the viscosity. Under the laboratory conditions 
described in this paper, gelling colloidal silica grouts transported under low 
pressures essentially stopped moving when the viscosity increased above about 3.6 
cP. The delivery of gelling colloidal silica grout occurs most efficiently when the 
viscosity remains below this value. 
• Ionic strength and pH influence transport of gelling colloidal silica grouts because 
they influence the viscosity of the grout. Gel times should be selected such that the 
viscosity of the colloidal silica grout remains below about 3.6 cP during the 
injection period. 
• Hydraulic gradient influences the transport rate of colloidal silica grouts, but not as 
significantly as viscosity. For longer transport distances, higher hydraulic gradients 
are recommended to shorten overall injection time. 
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• The hydraulic conductivity of the porous media also influences the transport rate of 
colloidal silica grouts, but not as significantly as viscosity. The time required for 
treatment increases with increasing the percentage of fines. Column tests on 5 wt % 
and 10 wt % silty sand were difficult to control due to migration of fines out of the 
void spaces. Full coverage was achieved in one of the 5 wt % silty sand column 
tests, but the other 5 wt % silty sand column test was not covered by colloidal silica 
grout due to increased viscosity during the injection. The 10 wt % silty sand column 
clogged and full treatment was not achieved. 
• Unconfined compressive strength can be used as an index test to determine if 
adequate treatment has been achieved. Unconfined compressive strength of Nevada 
sand treated with 5 wt % colloidal silica ranged from 30 to 60 kPa.  Stabilized 
sands with these unconfined compressive strengths are expected to be able to 
mitigate the liquefaction risk.  
• Chloride acts as a conservative tracer in dilute colloidal silica dispersions.  
Normalized chloride concentration is an excellent indicator of the percentage of 
colloidal silica in solution.
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Table 4-2. Index properties of Nevada, Ottawa and graded silty sand 
 
Sand type 　dmax (kN/m3)
　dmin 
(kN/m3)
emax emin D50 
(mm)
Dr 
(%) 
k 
(cm/s) 
Nevada sand 17.3 13.9 0.89 0.51 0.15 41 7.6 x 10-3
Ottawa sand 17.7 15.3 0.92 0.35 0.24 39 2.2 x 10-1
5wt% silty sand 17.0 14.5 0.80 0.54 0.29 33 5.6 x 10-3
10wt% silty sand 17.0 13.7 0.89 0.52 0.28 31 2.6 x 10-3
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Table 4-3. Effects of pH on viscosity of 5 wt% Ludox® SM-30 colloidal silica with ionic 
strength of 0.1N 
 
pH 6.2 pH 6.5 pH 6.8 pH 7.1 pH 7.5 
Time Viscosity Time Viscosity Time Viscosity Time Viscosity Time Viscosity
(days) (cP) (days) (cP) (days) (cP) (days) (cP) (days) (cP) 
0.03 2.40 0.07 2.40 0.03 2.00 0.00 2.40 0.00 2.40 
0.06 2.40 0.11 2.40 0.06 2.00 0.06 2.40 3.81 2.40 
0.12 2.40 0.17 2.80 0.11 2.00 0.10 2.40 4.87 2.80 
0.20 2.40 0.33 2.80 0.19 2.00 0.15 2.40 5.56 3.20 
0.27 2.80 0.77 3.20 0.27 2.40 0.26 2.40 6.77 5.20 
0.70 3.60 0.94 4.00 0.67 2.40 0.33 2.40 6.82 5.20 
0.81 4.40 1.17 4.80 0.90 2.80 0.41 2.40 6.93 5.60 
0.87 6.00 1.26 6.00 0.96 3.20 0.91 3.20 7.60 10.40 
0.96 8.00 1.95 24.00 1.00 3.60 0.98 3.20 8.73 17.20 
1.05 10.80 1.99 150.00 1.15 3.60 1.03 3.60 8.95 21.60 
1.17 21.20 2.36 759.80 1.82 3.60 1.34 4.00 10.56 106.60 
1.45 150.00   1.91 4.40 2.04 4.80 11.56 334.70 
    2.03 4.80 2.41 4.80   
    2.08 4.80 2.97 6.00   
    2.18 5.60 3.39 6.00   
    2.82 24.80 4.05 9.60   
    2.89 32.00 4.44 19.20   
    2.96 38.80 4.93 54.40   
    3.02 46.40 4.98 57.20   
    3.06 52.40 5.09 108.00   
    3.13 57.20 5.14 150.00   
    3.23 76.40 5.22 186.40   
    3.29 88.00     
    3.70 1600.00     
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Table 4-3. (continued) Effects of pH on viscosity of 5 wt% Ludox® SM-30 colloidal 
silica with ionic strength of 0.1N 
 
pH 7.8 pH 8.1 pH 8.4 pH 8.7 
Time Viscosity Time Viscosity Time Viscosity Time Viscosity
(Days) (cP) (Days) (cP) (Days) (cP) (Days) (cP) 
0.00 2.40 0.00 2.40 0.00 2.40 0.00 2.40 
3.81 2.40 3.81 2.40 3.81 2.40 3.81 2.00 
4.87 2.40 4.87 2.40 4.87 2.40 4.87 2.40 
5.56 2.80 5.56 2.40 5.56 2.80 5.56 2.40 
6.77 2.80 6.82 3.20 6.93 2.80 6.93 2.40 
7.61 4.40 7.64 3.60 7.64 2.40 7.64 2.80 
8.86 3.20 8.95 2.40 8.95 3.20 8.95 2.40 
8.95 3.60 11.56 2.80 11.56 3.20 11.56 2.40 
11.56 4.40 12.85 2.80 12.85 3.60 12.85 2.00 
12.85 5.20 13.88 2.40 13.88 2.00 13.88 2.40 
13.88 6.40 15.68 3.20 15.68 2.80 18.67 2.40 
15.68 14.00 18.67 3.20 18.67 2.80 29.77 3.20 
18.67 108.00 21.92 5.20 21.92 2.80 30.73 2.80 
18.70 164.40 24.99 8.00 24.99 3.60 39.02 3.60 
  29.77 24.40 30.73 4.40 44.63 4.00 
  30.73 150.40 39.02 6.00 48.00 6.40 
    44.63 7.20 57.70 9.20 
    48.00 10.80 61.81 14.00 
    57.70 90.40 71.67 64.80 
    61.81 1600.00   
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Table 4-4. Effects of ionic strength on viscosity of 5 wt% Ludox® SM-30 colloidal silica 
with pH 6.8 
 
0.05N (NaCl) 0.075 N (NaCl) 0.1 N (NaCl) 0.15 N (NaCl) 0.2 N (NaCl) 
Time Viscosity Time Viscosity Time Viscosity Time Viscosity Time Viscosity
(days) (cP) (days) (cP) (days) (cP) (days) (cP) (days) (cP) 
0.00 2.40 0.00 2.00 0.03 2.00 0.00 2.00 0.06 2.40 
0.03 2.40 0.03 2.00 0.06 2.00 0.01 2.40 0.13 2.40 
0.06 2.40 0.06 2.00 0.11 2.00 0.03 2.40 0.19 3.20 
0.08 2.40 0.08 2.00 0.19 2.00 0.05 2.40 0.24 3.20 
0.12 2.40 0.12 2.00 0.27 2.40 0.07 2.40 0.32 4.40 
0.13 2.40 0.13 2.00 0.67 2.40 0.09 2.40 0.49 74.80 
0.24 2.40 0.24 2.00 0.90 2.80 0.10 2.40 0.69 249.50 
0.26 2.40 0.26 2.00 0.96 3.20 0.17 2.40   
0.32 2.40 0.32 2.00 1.00 3.60 0.18 2.40   
0.33 2.40 0.33 2.00 1.15 3.60 0.19 2.40   
0.41 2.40 0.41 2.00 1.82 3.60 0.20 2.40   
0.43 2.40 0.43 2.00 1.91 4.40 0.24 2.40   
0.56 2.40 0.56 2.00 2.03 4.80 0.26 2.40   
0.59 2.40 0.59 2.00 2.08 4.80 0.27 2.80   
0.69 2.40 0.69 2.00 2.18 5.60 0.33 2.80   
0.72 2.40 0.72 2.00 2.82 24.80 0.35 3.20   
0.81 2.40 0.81 2.80 2.89 32.00 0.39 3.20   
0.85 2.40 0.85 3.20 2.96 38.80 0.49 3.20   
0.97 2.40 2.34 4.00 3.02 46.40 0.51 3.20   
2.99 2.80 3.34 6.00 3.06 52.40 0.53 3.20   
4.01 2.80 4.32 66.40 3.13 57.20 0.55 3.20   
5.16 4.00 4.71 150.00 3.23 76.40 0.66 3.20   
5.38 4.40 4.92 220.00 3.29 88.00 0.69 3.60   
6.36 6.80 5.34 3359.00 3.70 1600.00 0.75 5.60   
7.36 35.20     0.85 10.00   
8.36 3559.00     0.93 22.00   
      1.07 54.80   
      1.16 102.40   
      1.21 209.20   
      1.23 286.70   
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Fig. 4-1. Particle size distribution for Nevada #120, Ottawa 20/30, 5 wt % and 10 wt % 
silty sands. 
 
 
 
 
 
Fig. 4-2. Brookfield DV II+ programmable viscometer 
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Fig. 4-3. Gel time curves of 5 wt % colloidal silica with different pH and an ionic 
strength of 0.1N 
 
 
 
0
50
100
150
200
0 2 4 6 8 10
Time (days)
V
is
co
si
ty
 (c
P)
0.05 N
0.075 N
0.1 N
0.15 N
0.2 N
 
Fig. 4-4. Gel time curves of 5 wt% colloidal silica with pH 6.8 and different ionic 
strengths 
 115
0
30
60
90
120
150
0 1 2 3 4 5 6 7 8 9 10
Time (days)
V
is
co
si
ty
 (c
P)
Tests 1, 2, 15
Test 3
Tests 4, 10, 11
         12, 13, 14
Test 5
Test 6
Test 8
Test 7
Test 9
 
Fig. 4-5. Gel time curves for 3-foot column tests 
 
 
 
 
 
Fig. 4-6. Schematic and photo of column 
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Fig. 4-7. Fisher AR50 Accumet pH/conductivity/ion meter 
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Fig. 4-8. pH effects on breakthrough curves at column midpoint 
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Fig. 4-9. pH effects on breakthrough curves at top of column 
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Fig. 4-10. Ionic strength effects on breakthrough curves at column midpoint 
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Fig. 4-11. Ionic strength effects on breakthrough curves at top of column 
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Fig. 4-12. Hydraulic gradient effects on breakthrough curves at column midpoint 
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Fig. 4-13. Hydraulic gradient effects on breakthrough curves at top of column 
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Fig. 4-14. Soil type effects on break through curves at column midpoint 
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Fig. 4-15. Soil type effects on breakthrough curves at top of column 
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Fig. 4-16. Relationship between chloride ion and silica concentrations 
(including data from all 3-foot column tests) 
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Fig. 4-17. Relationship between flow rate and viscosity 
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CHAPTER 5. COLLOIDAL SILICA TRANSPORT THROUGH LIQUEFIABLE 
POROUS MEDIA: LONG COLUMN TESTS 
 
5.0. INTRODUCTION 
The results of the 3-foot column tests showed that colloidal silica can be efficiently 
delivered through saturated, liquefiable soils in an adequate concentration to stabilize the 
soil. The purpose of the long column tests was to understand the transport behavior of 
colloidal silica over longer distances. Therefore, four 10-foot and one 30-foot column 
tests were done in which loose sands (Dr = 40%) were treated with 5 wt % colloidal 
silica. The main goals of the long column tests were to verify that the colloidal silica 
solution can be transported over longer distances in adequate concentrations to mitigate 
the liquefaction risk, and to determine if the same transport mechanisms dominate 
colloidal silica delivery. The amount of colloidal silica delivered to the column and the 
concentration distribution along the column were measured during the tests. The data 
obtained from the column tests were used to verify the factors that most significantly 
affect the transport of a gelling colloidal silica grout. 
 
5.1. LONG COLUMN TESTS 
5.1.1. Experimental Program 
Four 10-foot-long and one 30-foot-long column tests were performed. Based on 
experience from the 3-foot column tests and gel time data, the ionic strength was kept 
constant at 0.1 N and the pH was adjusted such that the viscosity of colloidal silica 
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remained low while it transported through long column. The individual tests are 
summarized in Table 5-1. Two 10-foot column tests (Tests 16 and 17) were done using 
Nevada No.120 and two 10-foot tests (Tests 18 and 19) and the 30-foot test (Test 20) 
were done using Ottawa 20/30 sand. 
 
5.1.2. Materials Used 
5.1.2.1. Soils 
The properties of Nevada No. 120 and Ottawa 20/30 sands were described in Section 
4.1.2.1. The relative densities of the sands in these tests were about 40%. The hydraulic 
conductivities of Nevada sand and Ottawa sands determined from long column tests were 
about 0.01 cm/s and 0.2 cm/s, respectively. Detailed values of the individual tests are 
listed in Table 5-1. 
 
5.1.2.2. Colloidal Silica 
Dilute 5 wt % Ludox® SM-30 colloidal silica grout was also used in the long column 
tests. The ionic strength was held constant at 0.1 N and pH was varied to obtain different 
gel times. The pH values for the individual tests are shown in Table 5-1 and the gel time 
curves are shown in Fig. 5-1. The gel times varied from about 4 to 9 days in this series of 
tests. 
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5.1.3. Column Setup and Testing 
Details of the column construction were discussed in Section 4.2.1. The 10-foot and 
30-foot columns consisted of ten 1-foot sections and fifteen 2-foot sections, respectively.  
The schematics and photos of the 10-foot column setup are shown in Figs. 5-2 and 5-3, 
while Figs. 5-4 and 5-5 show the schematic and photos of the 30-foot column setup. 
Fig. 5-2 and Fig. 5-3 show two different column setups for the 10-foot column tests. 
The column of Test 16 shown in Fig. 5-2 was constructed in a single column. However, 
assembling the sections and sampling the pore fluid was difficult using this configuration.  
Thus, as shown in Fig. 3, the remainder of the 10-foot column tests were assembled in 
two 5-foot sections, which were connected so that water and colloidal silica flowed from 
the top of the first column into the bottom of the second column. In Test 16 (Fig. 5-2), 
the column has 30 sampling ports along the length of the column (labeled 1 through 30 
from the bottom to the top). For Tests 17 to 19, twenty sampling ports at equal spacing of 
0.5 feet were used (Fig. 5-3). 
The 30-foot column (Test 20) was assembled of five 6-foot sections as shown in Fig. 
5-4 and 5-5, which were connected to each other in series. The column had 30 sampling 
ports at 1-foot intervals. 
The procedures and methods described in Section 4.1.3 were used for the long 
column tests and will not be repeated here.   
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5.2. RESULTS AND DISCUSSION 
The results from Tests 16 through 20 are summarized in Table 5-1. Tables A2-1 
through A2-5 in Appendix 2 show the distributions of normalized chloride and colloidal 
silica concentrations with time for each sampling port. Pictures are also included when 
available. Table 5-2 lists the average flow rates during the corresponding injection 
intervals for each test. Figs. 5-7 to 5-11 show breakthrough curves of colloidal silica at 
different traveling distances. The breakthrough curves illustrate the change of colloidal 
silica concentration with time. The label of “travel dist.”, shown in Figs. 5-7 to 5-11, 
denotes the normalized traveling distance obtained by dividing the actual traveling 
distance of colloidal silica over the column length. The times shown are the times after 
grouting began. The testing results (Tests 17 to 20) show that colloidal silica can be 
delivered over distances up to 30 feet with adequate concentration to stabilize the soils. 
 
5.2.1. Effects of Column Assembling Technique  
The water flow through the different column assemblies was similar. Under the same 
hydraulic gradient (0.04), the flow rates of water through the column in Tests 16 and 17 
were about 0.034 cm3/s and 0.042 cm3/s, respectively. The difference between those two 
flow rates is within acceptable error. The relative densities of the Nevada sand used in 
Tests 16 and 17 are 42% and 41%, respectively. Therefore, long columns can be 
constructed of shorter columns in series to avoid working difficulties due to space 
limitations. 
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5.2.2. Relationship between Colloidal Silica and Chloride Ion Concentrations  
As discussed in Section 4.2.1, the 3-foot column tests showed that the normalized 
chloride ion concentration is an excellent indicator of the colloidal silica concentration. 
The additional results from the long column tests are presented in Fig. 5-6. The 
additional data also shows a linear relationship between the normalized chloride ion and 
colloidal silica concentrations. The R2 value of 0.99 is unchanged. This is a further 
indication that normalized chloride ion concentration is an excellent indicator of 
colloidal silica concentration. 
  
5.2.3. Viscosity Effects 
As discussed in Section 4.2.2, the viscosity of colloidal silica is the most important 
factor governing transport through the column. Based on those tests, the available travel 
time of colloidal silica was determined to be approximately the time between mixing and 
when the initial viscosity doubles. This finding was confirmed in the long column tests. 
Tests 16 and 17 used Nevada sand and a hydraulic gradient of 0.04. The bulk 
hydraulic conductivity was measured to be about 0.01 cm/s in both tests. Figs. 5-7 and 
5-8 show the silica breakthrough curves for Tests 16 and 17, respectively. The viscosity 
changes with time are also shown. During stabilizer delivery in the long column tests, 
flow rates were measured and compared to the viscosity of the inflow solution. During 
Test 16 (Tables 5-2 and A2-1, Fig. 5-7), it took about 32 hours for colloidal silica to 
travel halfway up the column with a average flow rate of about 0.031 cm3/s. During this 
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time, the viscosity of colloidal silica was less than 3.2 cP. When the viscosity increased 
to above 3.2 cP, the flow rate decreased to about 0.014 cm3/s and it took about 24 hours 
for the silica to travel the next 1.5 feet. As the viscosity increased above 3.6 cP, the flow 
rate decreased to about 0.005 cm3/s and it took an additional 23 hours for the silica to 
travel the next 0.8 feet. After that, the colloidal silica stopped moving, leaving about 27% 
of column untreated. This confirms the finding from the 3-foot tests that under low 
injection pressures, dilute colloidal silica essentially stops moving the viscosity increases 
above 3.6 cP. 
For comparison, Test 17 was conducted using the same conditions as Test 16 with 
the exception that the gel time was longer (Fig 5-1). Details and results of this test are 
listed in Tables 5-1, 5-2 and A2-2 and shown in Fig. 5-8. During this test, the viscosity 
increased very slowly from 1.6 cP to 2.4 cP during colloidal silica injection and the 
entire column was treated in about 74 hours. The average flow rate decreased from about 
0.05 cm3/s during the first half of treatment to about 0.03 cm3/s during the second half of 
treatment. The flow rate decreased as the pore water in the bottom half of the column 
was replaced by the colloidal silica. The higher viscosity of the pore fluid reduced the 
apparent hydraulic conductivity of the sand. The flow rate reduction caused the travel 
time of the silica to increase from 26 hours to 48 hours during the second half of the test. 
Similar results about the effects of flow rate on colloidal silica transport were also found 
in Tests 18 to 20, as shown in Tables 5-2 and A2-3 to A2-5 and Figs. 5-9 to 5-11. 
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5.2.4. Colloidal Silica Delivery 
In 4 of the 5 long column tests, the colloidal silica was transported through the entire 
length of the column. The exception was Test 16, which was discussed in the previous 
section. In Test 16, only about 75% of the column was treated due to an increase in 
viscosity of the colloidal silica. In general, the chloride ion concentration increased 
gradually in advance of the main front (Tables A2-1 to A2-5, Figs. 5-7 to 5-11). By the 
time the dyed colloidal silica solution was visible at the sampling location, based on 
visual observation of the dyed solution, the chloride ion concentration had increased to 
approximately the same value as the source solution. This confirms that colloidal silica 
grout is delivered to the corresponding position efficiently with adequate concentration. 
The results of Tests 16 and 17 were discussed in the previous section and will not be 
repeated here. In Test 16, the viscosity increase of the colloidal silica solution prevented 
full treatment of the column. In Test 17, the colloidal silica was successfully delivered 
throughout the column.  
Detailed results of Tests 18 through 20 are shown in Tables 5-2 and A2-3 to A2-5 
and in Figs. 5-9 and 5-11. The Ottawa sand had a bulk hydraulic conductivity of about 
0.2 cm/s. Under hydraulic gradients of 0.013, 0.065 and 0.018 (Tests 18 through 20), 
respectively, the colloidal silica was successfully delivered to the entire column in 6, 12 
and 25 hours, respectively. As expected, colloidal silica travel time increased when the 
hydraulic gradient decreased. In all these tests, the viscosity of the silica solution 
remained lower than 2.8cP during grout delivery. Similar to Tests 16 and 17, the flow 
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rates of colloidal silica slowed down when it transported upward through the sand 
column, as shown in Table 5-2. The flow rates decreased from 0.54 cm3/s (Test 18), 0.48 
cm3/s (Test 19) and 0.46 cm3/s (Test 20) at the beginning of long column tests to 0.30 
cm3/s, 0.11 cm3/s and 0.24 cm3/s at close to end of tests, respectively. This also indicates 
that the delivery of colloidal silica will be slowed down with more pore volumes filled 
with the viscous colloidal silica.  
In sum, the 10-foot and 30-foot column tests demonstrated that the colloidal silica 
can be successfully delivered to the liquefiable soils over long distances before its 
viscosity becomes double of its initial viscosity. With more pore volumes of soil filled 
with the viscous colloidal silica, the transport speed becomes smaller. 
 
5.2.5. Unconfined Compression Test Results 
Samples of stabilized sand recovered from the 10-foot and 30-foot tests were also 
tested for unconfined compressive strength. The testing results of the samples from the 
long column tests are summarized in Table 5-3. Most of the values reported are averages 
of two or three samples taken from the treated column adjacent to the labeled port. 
The average strength of Nevada sand grouted with 5 wt % colloidal silica from 
10-foot Test 16 is about 32.2 kPa with standard deviation of 9.5. The average strengths 
of the treated Ottawa sand from 10-feet column Tests 18 and 19 and 30-foot column 
Tests 20 ranged from 11.0 to 13.5 kPa with standard deviations in the range of 2.2 to 4.4. 
These results are comparable to the results of the previous 3-foot column tests. 
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5.3. CONCLUSIONS 
• Colloidal silica can be successfully delivered to the liquefiable soils over long 
distances before its viscosity becomes double of its initial viscosity. 
• To avoid working difficulties due to the limited space, the long column can be 
constructed of shorter sub-columns in series. The setup technique essentially 
produced the same testing results. 
• The following findings concerning the silica transport mechanisms found from the 
3-foot column tests were verified via the 10-foot and 30-foot column tests: 
a) The viscosity is the primary variable controlling travel time through the soil 
column. Stabilizer delivery is most efficient when the viscosity of the 
stabilizer is in the range of less than 3.6 cP.  
b) The normalized chloride concentration in the stabilizer solution is an excellent 
indicator of the percentage of colloidal silica in solution. Tests showed that 
the normalized chloride concentrations can be used to compute the 
concentration of the colloidal silica grout.  
• Ionic strength and pH value affect colloidal silica transport through the saturated 
sand column by influencing the viscosity change of silica grout with time. 
• With more pore volumes of soil filled with the viscous colloidal silica, the transport 
speed becomes smaller.  
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Table 5-1.  Testing program for long column tests 
 
Test 16 17 18 19 20 
Column Length (feet) 10 10 10 10 30 
Soil Type1 N N O O O 
Relative Density 0.42 0.41 0.41 0.40  0.38 
Permeability (×10-3 cm/s) 11 13 161 163 207 
pH 7.2 7.5 7.1 7.5 7.1 
Ionic Strength (N) 0.1 0.1 0.1 0.1 0.1 
Gradient, i 0.04 0.04 0.013 0.0065 0.018
Travel Time (hrs) 55 137 33 137 33 
Coverage (%) 73 100 100 100 100 
Time to 50% Coverage (hrs) 32 26 3 5 10 
µ at 50% Coverage (cP) 3.2 2.0 2.0 2.4 2.4 
Time to 100% Coverage (hrs) -- 74 6 12 25 
µ at 100% Coverage (cP) -- 2.4 2.4 2.8 2.4 
1 N=Nevada; O=Ottawa 
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Table 5-3. Unconfined compressive strength (kPa) 
 
 Test 
Port # 16 17 18 19 20 
1 32.6 NT3 10.2 13.0 15.8 
2 56.5 NT3 12.3 10.4 10.3 
3 39.4 NT3 14.4 12.1 10.5 
4 37.7 NT3 12.2 13.8 10.1 
5 43.4 NT3 11.3 8.9 10.5 
6 37.8 NT3 13.9 12.3 10.3 
7 29.3 NT3 8.0 10.1 13.2 
8 34.7 NT3 D1 11.3 11.8 
9 37.5 NT3 D1 18.0 9.4 
10 39.7 NT3 6.7 14.8 13.1 
11 40.4 NT3 14.5 15.1 11.5 
12 29.1 NT3 9.6 11.8 14.1 
13 26.2 NT3 8.7 D1 11.3 
14 20.7 NT3 13.5 15.0 17.1 
15 30.6 NT3 6.6 17.4 10.7 
16 21.9 NT3 13.0 28.4 10.7 
17 19.9 NT3 8.0 11.7 13.4 
18 23.4 NT3 D1 8.3 13.8 
19 33.2 NT3 14.5 13.3 15.8 
20 26.4 NT3 10.3 11.7 13.6 
21 16.3 - - - 12.2 
22 6.6 - - - 15.0 
23 NC2 - - - 12.5 
24 NC2 - - - 11.3 
25 NC2 - - - 12.2 
26 NC2 - - - 12.7 
27 NC2 - - - 9.0 
28 NC2 - - - 9.5 
29 NC2 - - - 11.4 
30 NC2 - - - 8.0 
Average 32.2 - 11.0 13.5 12.0 
Standard deviation 9.5 - 2.8 4.4 2.2 
1D=sample destroyed; 2NC=the soil not covered by colloidal silica and thus no sample 
available; 3NT=Not tested yet. 
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Fig. 5-1. Gel time curves for long column tests
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Fig. 5-2. Schematic and photo of 10-foot column (Test 16) 
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Fig. 5-3. Schematic and photo of 10-foot column (Tests 17, 18, 19)
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Fig. 5-4. Schematic of 30-foot column
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Fig. 5-5. Photo of 30-foot column setup 
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Fig. 5-6. Relationship between normalized chloride and colloidal silica concentration 
(including the data from all the 3-foot, 10-foot and 30-foot column tests) 
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Fig. 5-7. Colloidal silica breakthrough curves in Test 16 
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Fig. 5-8. Colloidal silica breakthrough curves in Test 17 
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Fig. 5-9. Colloidal silica breakthrough curves in Test 18 
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Fig. 5-10. Colloidal silica breakthrough curves in Test 19 
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Fig. 5-11. Colloidal silica breakthrough curves in Test 20 
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CHAPTER 6. EVALUATING NUMERICAL SIMULATION OF COLLOIDAL 
SILICA TRANSPORT 
 
6.0. INTRODUCTION 
The purpose of performing numerical simulation was to investigate if there is a 
program suitable for modeling colloidal silica transport. The primary goal of the 
numerical modeling is to develop a realistic method for designing passive site 
stabilization and assessing its effectiveness. The difficulty associated with numerical 
modeling is that the existing groundwater flow must be modeled in addition to the 
transport of a variable density and variable viscosity fluid.  
 
6.1. PREVIOUS NUMERICAL MODELING 
Several numerical experiments have been done to simulate colloidal silica transport 
(Saiers et al., 1994; Finsterle et al., 1997, Kim and Corapcioglu, 2002; Bolisetti, 2003; 
Gallagher and Finsterle, 2004). The researchers modeled the transport of colloidal silica 
through porous media using the continuity equation with modifications to account for 
advection and dispersion, deposition and release, variable density and viscosity, and/or 
the gelation.  
Saiers et al. (1994) modified the SUTRA code developed by Voss (1984) to account 
for colloid deposition and release. However, the modified code is not capable of 
modeling variable density and viscosity or gelation. Finsterle et al. (1997) developed a 
gelation module for the TOUGH2 numerical simulator, which is a general-purpose, 
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finite-difference numerical simulation code for three-dimensional flow of fluid and heat 
in porous media. This module accounts for the increase in grout viscosity as a function of 
time and gel concentration and has been used to simulate lab experiments and field tests 
in both saturated and unsaturated formations. To incorporate the influence of viscosity on 
colloidal silica transport in the numerical simulation, Finsterle et al. (1997) assumed: (1) 
colloidal silica solution is a miscible aqueous solution before it gels; (2) the viscosity of 
colloidal silica grout is an exponential function of time; (3) when colloidal silica grout 
mixes with the pore water after injection into the soil formation, the viscosity of mixture 
changes following the principle of power-law mixing rule proposed by Todd (1990); (4) 
the permeability of porous media reduces with increase of viscosity of colloidal silica 
mixture due to the original porosity decrease by the partially gelled colloidal silica 
formation. Bolisetti and Reitsma (2003) used the same approach to incorporate a gelation 
module into MODFLOW. Kim and Corapciaglu (2002) also used a similar approach and 
created a new code for modeling horizontal barriers. While the TOUGH2 simulator with 
the gelation module is the most robust method for modeling transport and gelation of 
variable density and viscosity fluids, it is a complex and difficult program to use and 
does not have a pre- and post-processor to accommodate these parameters. The codes 
developed by Bolisetti and Reitsma (2003) and Kim and Corapcioglu (2002) are not 
commercially available. 
Due to the complexity of TOUGH2, UTCHEM was considered for use. UTCHEM 
(CPGE, 2000) is a three-dimensional, multiphase, multicomponent, finite-difference, 
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chemical flooding simulator. At the start of this project, UTCHEM was reported to 
contain a gelation module for gelling fluids and also to account for variable viscosity and 
density. It is a public domain program with pre and post-processors, which were reported 
to be much easier for use in modeling transport of variable density and viscosity fluid 
than the TOUGH2 program. Therefore, it was chosen for use in modeling colloidal silica 
transport to account for the effects of viscosity and density on colloidal silica transport. 
 
6.2. UTCHEM MODEL FORMULATION 
Developed by Pope and Nelson (1978), UTCHEM simulator was originally designed 
to simulate the enhanced oil recovery using surfactant and polymer processes. The 
simulator was extended by Bhuyan et al. (1990) by including other chemical processes 
and a variety of geochemical reactions between the aqueous and solid phases. The 
general formulation of UTCHEM includes the mass balance equation for the species to 
be modeled, energy balance equation for considering temperature effects and pressure 
equation accounting for gravity and capillary pressure (CPGE, 2000). Background water 
flow and components migration in porous media is modeled by these three equations. 
The mass balance equation is the governing equation and is described as Equation 6-1 
based on CPGE, 2000. It assumes that (1) flow is local thermodynamic equilibrium, (2) 
solid phase of soil formation is immobile, (3) soil and fluids may be slightly compressible, 
(4) dispersion follows Fickian dispersion, (5) mixing is idea mixing, (6) Darcy’s law is 
valid. When background water is modeled, the outflow water is equal to inflow by 
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assuming water is uncompressed. Water storage inside the porous media remains 
unchanged. The flow obeys Darcy’s law. The energy conservation equation and pressure 
equation are not repeated here. 
 ( ) kkllkl
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kkk QDuCρρnCt
p
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∂ →→→ ∑ ，        (6-1) 
where, n is porosity, Ck is overall concentration of component k in the mobile and solid 
phase, ρk is the density of component k, Ckl is the concentration of component k in phase 
l, np is number of phase, 
→
lu  is Darcy’s flux, 
→
klD  is Fickian dispersive flux of 
component k in phase l, and Qk is total source/sink for component k. The Darcy flux is 
expressed as Equation 6-2. 
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κ ，            (6-2) 
where, krl is relative hydraulic conductivity of phase l, 
→κ is intrinsic hydraulic 
conductivity tensor, µl is viscosity of phase l, Pl is pressure of phase l, γl is specific 
weight of phase l, and h is the vertical depth of phase l. 
The formulation of UTCHEM incorporates the assumption that no convective, 
dispersive, or thermal flux occurs across the boundaries. However, by specifying 
pressures on the boundaries, convection, dispersion and thermal flux can occur. However, 
flow is only permitted across the lateral boundaries if saturated zones are modeled. That 
is, no flow is permitted across the top and bottom boundaries. 
When injection and extraction wells are used, they are treated as source and sink 
terms in the flow equations. Both vertical and horizontal wells can be modeled in 
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UTCHEM. The wells can be operated by controlling flow rate or injection and extraction 
pressures. Wells can be modeled using either constant flow rate or constant pressure. 
Flow rate is modeled to be proportional to differential pressure or hydraulic gradient, as 
expressed as Equation 6-3, 
 ∆PPIQ
pn
l
l∑= ,               (6-3) 
where, Q is the total flow rate, PIl is the productivity index of well, ∆P is the differential 
pressures between injection and extraction wells. For two and three dimensional 
simulation, PIl is determined using Equation (6-4). 
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where, kx and ky are the soil hydraulic conductivities in the x- and y-directions, 
respectively, and ro, rw and S are equivalent well radius, well radius and well skin factor, 
respectively. In Equations 6-3 and 6-4, all the variables are input parameters. Equations 
6-3 and 6-4 show that the ratio of ro to rw and grid size of grid block affect the flow rate. 
The density of each liquid phase is assumed to be the sum of the product of 
concentration and specific weight of all the components in the liquid phase. The specific 
weights of components are input values. For different components, units of the input 
concentrations are different. For example, volume fraction is used as unit for water, 
while for polymer weight percent is used. 
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A gelation module was introduced to the simulator by Kim (1995) for modeling 
gelation of polymers and silicate-based solutions like sodium silicate. The gelation 
module is based on chemical reaction equation that governs the polymerization of silicate. 
Equation 6-5 is the simplified form of gelation reaction, which shows the gelation is a 
kinetic process depending on silicate and hydroxyl ion concentrations. The parameters A, 
x1 and x2 in Equation 6-5 are empirical constants with suggested values given in the 
manual.  Using these parameters, the shape of the gel time curve modeled in UTCHEM 
is concave. However, the gelation curve of colloidal silica is time-dependent and can be 
described as an exponential function of time. Therefore, colloidal silica gelation can not 
be modeled using the gelation module in UTCHEM.   
 [ ] [ ] [ ] 21 xx2i2i OHOSadtOSd −−=             (6-5) 
The viscosity of liquid phase is assumed to depend on concentration changes of 
liquid components in the simulator. For polymers, viscosity is a function of the polymer 
concentration, described as Equation 6-6, 
 ( )[ ]pSSEP3p32p2p1wl CCACACA1µµ +++= ,         (6-6) 
where, µl and µw are the liquid phase and water viscosities, respectively, Ap1, Ap2 and Ap3 
are the input constants, and pSSEPC  is effective salinity allowing for the dependence of 
polymer viscosity on salinity and hardness. Based on this equation and using the 
time-step method, viscosity of colloidal silica solution in column tests was roughly 
modeled by fitting the equation to the laboratory measurements. Details about viscosity  
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simulation methods in the numerical modeling trial of column tests are described in 
Section 6.3.1.4 
The hydraulic conductivity reduction due to the viscosity increase is similar to the 
other previous studies as discussed in the above section. Hydraulic conductivity reduction 
is achieved by applying reduction factor to water hydraulic conductivity and described as, 
 
p
w
k k
kR = ,                (6-7) 
where, Rk, kw and kp are the hydraulic reduction factor, effective hydraulic conductivities 
of water and polymer, respectively.  
 
6.3. MODEL FORMULATION AND RESULTS 
To investigate the feasibility of UTCHEM to model the colloidal silica transport 
through saturated sand, many trials were conducted using flow rate and injection 
pressure controls. Two numerical experiments of Test 8 will be used as examples to 
illustrate why UTCHEM is not suitable for simulating the column tests. 
 
6.3.1. Model Setup 
6.3.1.1. Grid Design 
The vertical column was modeled in 50 blocks of 0.06’. The diameter of the column 
was modeled as a square with 9 blocks arranged in a 3 x 3 configuration with block 
dimensions of 0.1’ × 0.1’.  The sampling ports were located at the mid-points of the 
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gridblocks at the corresponding height. In this way, the finite-difference method used by 
UTCHEM can produce a more precise solution.  
 
6.3.1.2. Boundary Conditions and Well Modeling 
As described in Section 6.2, when a saturated zone is modeled, no flux is allowed 
across the top and bottom boundaries. Thus, the only way to model the upward flow 
through the vertical column is to use injection and extraction wells at the top and bottom 
and control either the flow rate or the flow pressure. These conditions were thought to be 
reasonable because the ground water flow and colloidal silica solution, supplied by inlet 
water chamber and stabilizer chamber, respectively, flowed upward along the column 
from bottom and out of the top to the outlet water chamber. 
To simulate the water flow and colloidal silica transport in the column, two cases 
were considered: flow pressure control (Case 1) and flow rate control (Case 2). In both 
cases, injection and extraction wells were used to model water and/or stabilizer inflow 
and outflow, respectively. The injection and extraction wells were placed at the middle 
gridblocks in the bottom and top layer of soils, respectively. 
In Case 1, constant pressures were applied to the injection and extraction wells 
during the entire injection process to represent the constant hydraulic gradient used in the 
column tests. The pressures of injection and extraction wells used were 16.07 and 14.7 
psi, respectively, and produced constant differential pressure of 1.37 psi throughout 
simulations. The flow via the wells is driven by differential pressure between the wells. 
 151
The flow rates were calculated by the program based on the Equations 6-3 and 6-4 
during the simulations and compared to the testing data for checking the reasonableness 
of the simulation using UTCHEM.  
The Case 2, flow rate was controlled. In order to simulate flow rate and the viscosity 
changes with time, the colloidal silica transport was simulated by dividing whole 
injection period into four continuous time intervals based on flow rates testing data as 
listed in Table 6-1 and the gelation curves of colloidal silica. This method is termed the  
time-step method. During the each time interval, the flow rate was kept constant, while 
the pressures of injection and extraction wells were determined by the program. 
 
6.3.1.3. Reservoir Properties 
The soil properties were determined from the column test. A constant porosity of 0.4 
and a constant hydraulic conductivity of 8.3x10-3 cm/s were applied to the sand layer. 
The hydraulic conductivity of the gravel filter at the bottom of the model was assumed to 
be two orders of magnitude higher (0.83 cm/s) than the sand layer. The column was 
assumed to be saturated with the water level at the surface of the sand such that 
atmospheric pressure was acting on the sand surface. 
 
6.3.1.4. Viscosity Modeling 
As discussed in Section 6.1 and 6.2, the gelation module developed for UTCHEM 
can not be applied to simulate the gelation of colloidal silica. However, to consider the 
 152
effects of viscosity on transport, Equation 6-6 was used. In this equation, the parameters 
Ap2, Ap3 and p
S
SEPC  were set to be 0, 0 and 1, respectively, such equation simplified to 
Equation 6-8. Since µl, µw and the source concentration were known, the input parameter 
Ap1 was able to be determined for each time interval. In this way, the 
concentration-dependent viscosity module was used for both cases. 
 ( )CA1µµ p1wl +=               (6-8) 
In Case 2, where variable viscosities were considered, the times intervals were 
determined based on gel times curves measured from the source sample of colloidal 
silica and the flow rates obtained from column tests. Constant viscosity was assumed 
during each time interval. However, this time-step method can not be used when the 
viscosity increase accelerates (e.g. Fig. 4-3) because the time interval can not be 
determined accurately in this region of the gel time curve.  
 
6.3.2. Result and Comparison 
Figs. 6-1 and 6-2 show the comparisons between the output in Cases 1 and 2. In Case 
1, a constant flow pressure was used. In this model, the flow rate calculated by the 
program is significantly different from the experimental results, as shown in Fig.6-1. 
During the early part of the simulation, the flow rate outputs of the model are close to the 
experimental results. However, as the injection time increased, there was a large 
difference between the program output and testing data. For example, at a time of 4.08 
hrs, the flow rates of the simulation and column test were about 55 x 10-3 cm3/s. 
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However, at 13 hrs, the calculated flow rate was about 39 x 10-3 cm3/s, while 
experimental results showed the actual flow rate was 13x 10-3 cm3/s. 
In Case 2, flow rate control was used and the flow pressures calculated by UTCHEM. 
When the flow control wells were used, the numerical results showed variable pressures 
between the injection and extraction well with time. The pressure drop increased from 
1.35 psi at the beginning of injection to 1.51 psi at the end of simulation. This is different 
from the testing condition that was kept constant to be 1.37 throughout the column tests. 
 
6.4. CONCLUSIONS 
The discussions and numerical experiments described in the above sections of this 
chapter show the difficulties of using UTCHEM to model the column test. There are two 
major issues associated with using the simulator.   
First, the shape of the gel time curve in the gelation module of UTCHEM has a 
different shape compared to the colloidal silica gelation curve. Thus, the gelation module 
included in the simulator is not suitable for modeling the colloidal silica gelation. Using 
time-step method in the simulation can only roughly model the viscosity variation with 
time when the viscosity remains low and varies little.  
The second biggest problem arose from using well models to simulate flow regime or 
solution transport. The numerical experiments showed that regardless of the approach 
(flow rate control or pressure control) employed, the model results conflicted with the 
testing data. Because the simulator is not possible to keep pressure and flow rate as same 
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as the column test at the same time, one set of data from column tests were discarded 
when simulation was performed. This produced the discrepancies between the 
predictions and testing results of colloidal silica transport through the saturated sand 
column. 
To successfully simulate the colloidal silica transport through the vertical setup 
column, two important issues should be solved as encountered when using UTCHEM. 
First, colloidal silica gelation should be correctly modeled based on the actual gel time 
curves. Second, the simulator should have more flexibilities to specify the all boundary 
conditions and well control so that the flow rate and injection pressure can be modeled as 
the same as the testing data. In addition, for easy to use, the simulator shall have 
user-friendly interface.  
Based on the above consideration, if TOUGH2 were further developed with 
user-friendly pre- and post- processors and with the flexibilities to specify the all 
boundary and well conditions, it would be a suitable simulator because it includes 
suitable gel module base on the gel time curves (exponential time-dependent function) 
and power-mixing law, and considers the gravity effects. Otherwise, new suitable 
simulators should be searched or new program codes should be written to simulate 
transport of variable density and viscosity gelling fluids.   
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Table 6-1. Data input in each time intervals 
 
Case 1 Case 2 
Interval 
(hrs) 
Injection 
Pressure 
(psi) 
Extraction
Pressure 
(psi) 
Interval 
(hrs) 
Flow Rate 
(cm3/s) 
0-18.38 16.07 14.7 0-3.38  0.059  
   3.38-7.73 0.028  
   7.73-12.65 0.013  
   12.65-18.38 0.011  
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Fig. 6-1. Flow rate comparison between Test 8 and Case 1 
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Fig. 6-2. Pressure drop comparison between Test 8 and Case 2 
 157
CHAPTER 7. CONCLUSIONS AND RECOMMENDATIONS 
 
7.0. FINDINGS 
To understand the transport mechanisms of colloidal silica through liquefiable soils, 
fifteen 3-foot short column tests using 5 wt % dilute Ludox® SM-30 colloidal silica were 
performed to investigate variables affecting colloid transport, including pH and ionic 
strength of the colloidal mixtures, viscosity and gelling behavior of colloidal silica, flow 
rate of the fluid and the type of the liquefiable media. It was found that 
(1) Viscosity is the single most important factor governing transport of gelling 
colloidal silica grouts in saturated porous media. Under the laboratory 
conditions described in this paper, gelling colloidal silica grouts transported 
under low pressures essentially stopped moving when the viscosity increased 
above about 3.6 cP. The delivery of gelling colloidal silica grout occurs most 
efficiently when the viscosity remains below this value. 
(2) Ionic strength and pH influence transport of gelling colloidal silica grouts 
because they influence the viscosity of the grout. Gel times should be selected 
such that the viscosity of the colloidal silica grout remains below about 3.6 cP 
during the injection period. 
(3) Hydraulic gradient influences the transport rate of colloidal silica grouts, but 
not as significantly as viscosity. For longer transport distances, higher 
hydraulic gradient are recommended to shorten overall injection time. 
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(4) Hydraulic conductivity of the porous media also influences the transport rate 
of colloidal silica grouts, but not as significantly as viscosity. The time 
required for treatment increases with an increasing the percentage of fines. 
Column tests on 5 wt % and 10 wt % silty sand were difficult to control due 
to migration of fines out of the void spaces. Full coverage was achieved in 
one of the 5 wt % silty sand column tests, but the other 5 wt % silty sand 
column test was not covered by colloidal silica grout due to increased 
viscosity during the injection. The 10 wt % silty sand column clogged and 
full treatment was not achieved. 
(5) Chloride acts as a conservative tracer in dilute colloidal silica dispersions.  
Normalized chloride concentration is an excellent indicator of the percentage 
of colloidal silica in solution. 
To study the transport behavior of colloidal silica over longer distances and to further 
understand the transport mechanisms, four 10-foot and one 30-foot column tests using 
two types of liquefiable media (Nevada and Ottawa sand) were conducted. These long 
column tests confirmed the findings concerning the silica transport mechanisms found 
from the 3-foot column tests as described above. The other key findings from long 
column tests are: 
(1) Colloidal silica can be successfully delivered to the liquefiable soils over long 
distances before its viscosity becomes double of its initial viscosity. 
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(2) To avoid working difficulties due to the limited space, the long column can 
be constructed of shorter sub-columns in series. The setup technique 
essentially produced the same testing results. 
(3) With more pore volumes of soil filled with the viscous colloidal silica, the 
transport was slowed down.  
Samples of the treated soils recovered from the column tests after the colloidal silica 
gelled were tested for unconfined compressive strength. Unconfined compressive 
strength of Nevada sand treated with 5 wt % colloidal silica ranged from 30 to 60 kPa 
where are comparable to results reported by Gallagher and Mitchell (2002) for sands 
treated with 5 wt % colloidal silica. Stabilized sands with these unconfined compressive 
strengths are expected to be able to mitigate the liquefaction risk. The unconfined 
compression tests also showed that the coarser soils stabilized with the same 
concentration of colloidal silica seemed to develop lower unconfined compressive 
strength. 
Numerical modeling of the transport of a gelling fluid is very complex and 
challenging. The numerical experiments using UTCHEM showed the significant errors 
between outcome of the simulator and testing data, indicating that UTCHEM is not 
suitable to predict the colloidal silica transport through the vertical column test. The 
concentration-dependent module included in the simulator differs from the colloidal silica 
gelation mechanism and is not suitable for use. The constrictions of specifying the  
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boundary and well condition make the simulator predict colloidal silica transport in sand 
column difficultly and incorrectly. 
 
7.1. RECOMMENDATIONS FOR FUTURE WORK 
It is recommended that additional 30-foot column tests be conducted to further 
investigate the transport behavior of colloidal silica over long distances under the 
condition of low flow rate. In these tests, either a lower hydraulic gradient should be used 
or the porous medium should have a lower hydraulic conductivity. It is suggested that 
additional short column tests be conducted on silty sand or silt to investigate the 
maximum silt content suitable for passive site stabilization to be applied. This 
information can be used to fully bracket the range of soil types under which low-pressure 
permeation grouting can be used to deliver colloidal silica stabilizer. It would be 
interesting to perform horizontal layout column tests to further study the effects of 
gravity on colloidal silica transport in comparison with the vertical column tests. It is also 
recommended to do further field-scale and field tests to study if the transport mechanisms 
are the same as column tests or if not what are the differences. Cyclic triaxial tests on the 
treated samples recovered from column tests would be useful for further identifying the 
degree of soil stabilization achieved, especially for coarse sands treated with 5 wt % 
colloidal silica. 
Since UTCHEM failed to simulate the colloidal silica transport through the sand 
column adequately, a suitable code should be developed. A suitable simulator is 
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important for designing passive site stabilization, especially for the purpose of 
engineering practice. 
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Table A1-1. Test 1 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS1 Conc. (cP)  
1.08 0.05 9 0.92  0.00  - 2.40 
  8 0.83  0.00  -  
  7 0.75  0.00  -  
  6 0.58  0.00  -  
  5 0.50  0.00  -  
  4 0.42  0.00  -  
  3 0.25  0.00  -  
  2 0.17  0.02  -  
  1 0.08  0.97  -  
- 
2.25 0.09 9 0.92  0.00  - 2.40 
  8 0.83  0.00  -  
  7 0.75  0.00  -  
  6 0.58  0.00  -  
  5 0.50  0.00  -  
  4 0.42  0.00  -  
  3 0.25  0.03  -  
  2 0.17  0.88  -  
  1 0.08  0.93  -  
 
 
 
 
- 
 
 
 
 
3.50 0.15 9 0.92  0.00  - 2.40 
  8 0.83  0.00  -  
  7 0.75  0.00  -  
  6 0.58  0.00  -  
  5 0.50  0.00  -  
  4 0.42  0.03  -  
  3 0.25  0.71  -  
  2 0.17  0.90  -  
  1 0.08  0.94  -  
 
 
 
 
- 
 
 
 
 
6.50 0.27 9 0.92  0.00  - 2.40 
  8 0.83  0.00  -  
  7 0.75  0.00  -  
  6 0.58  0.00  -  
  5 0.50  0.02  -  
  4 0.42  0.78  -  
  3 0.25  0.89  -  
  2 0.17  0.90  -  
  1 0.08  0.94  -  
 
 
 
 
- 
 
 
 
 
8.90 0.37 9 0.92  0.00  - 2.40 
  8 0.83  0.00  -  
  7 0.75  0.00  -  
  6 0.58  0.01  -  
  5 0.50  0.94  -  
  4 0.42  0.93  -  
  3 0.25  0.96  -  
  2 0.17  0.94  -  
  1 0.08  0.98  -  
- 
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Table A1-1. (continued) Test 1 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS1 Conc. (cP)  
19.25 0.80 9 0.92  0.08  0.03  2.80 
  8 0.83  0.91  1.00   
  7 0.75  0.93  1.02   
  6 0.58  0.94  1.00   
  5 0.50  0.94  1.02   
  4 0.42  0.94  1.05   
  3 0.25  0.93  0.98   
  2 0.17  0.96  1.00   
  1 0.08  0.94  1.05   
 
 
 
 
- 
 
 
 
 
21.50 0.90 9 0.92  0.83  - 2.80 
  8 0.83  0.92  -  
  7 0.75  0.93  -  
  6 0.58  0.92  -  
  5 0.50  0.95  -  
  4 0.42  0.94  -  
  3 0.25  0.97  -  
  2 0.17  0.98  -  
  1 0.08  0.97  -  
 
 
 
 
- 
 
 
 
 
27.00 1.13 9 0.92  0.94  1.00  2.80 
  8 0.83  0.97  1.03   
  7 0.75  0.99  1.03   
  6 0.58  1.00  1.03   
  5 0.50  1.00  1.00   
  4 0.42  1.00  0.93   
  3 0.25  0.99  1.05   
  2 0.17  0.99  1.02   
  1 0.08  0.99  1.06   
 
 
 
 
- 
 
 
 
 
1 CS=colloidal silica 
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Table A1-2. Test 2 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl Conc. 
Normalized 
CS Conc. (cP)  
1.50 0.06 9 0.92  0.00  - 2.40 
  8 0.83  0.00  -  
  7 0.75  0.00  -  
  6 0.58  0.00  -  
  5 0.50  0.00  -  
  4 0.42  0.00  -  
  3 0.25  0.00  -  
  2 0.17  0.03  -  
  1 0.08  1.00  -  
- 
2.42 0.10 9 0.92  0.00  - 2.40 
  8 0.83  0.00  -  
  7 0.75  0.00  -  
  6 0.58  0.00  -  
  5 0.50  0.00  -  
  4 0.42  0.00  -  
  3 0.25  0.02  -  
  2 0.17  0.92  -  
  1 0.08  0.97  -   
3.67 0.15 9 0.92  0.00  - 2.40 
  8 0.83  0.00  -  
  7 0.75  0.00  -  
  6 0.58  0.00  -  
  5 0.50  0.00  -  
  4 0.42  0.02  -  
  3 0.25  0.91  -  
  2 0.17  1.00  -  
  1 0.08  1.00  -   
6.25 0.26 9 0.92  0.00  - 2.40 
  8 0.83  0.00  -  
  7 0.75  0.00  -  
  6 0.58  0.00  -  
  5 0.50  0.02  -  
  4 0.42  0.89  -  
  3 0.25  0.98  -  
  2 0.17  1.00  -  
  1 0.08  0.99  -   
 
 
 
 
 175
Table A1-2. (continued) Test 2 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
8.00 0.33 9 0.92  0.00  - 2.40 
  8 0.83  0.00  -  
  7 0.75  0.00  -  
  6 0.58  0.02  -  
  5 0.50  0.70  -  
  4 0.42  0.93  -  
  3 0.25  0.96  -  
  2 0.17  0.96  -  
  1 0.08  0.98  -   
9.75 0.41 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.02  0.00   
  6 0.58  0.44  0.47   
  5 0.50  0.91  0.92   
  4 0.42  0.93  0.94   
  3 0.25  0.92  0.94   
  2 0.17  0.93  0.96   
  1 0.08  0.96  0.94    
21.75 0.91 9 0.92  0.95  - 3.20 
  8 0.83  0.95  -  
  7 0.75  0.97  -  
  6 0.58  0.97  -  
  5 0.50  0.98  -  
  4 0.42  0.99  -  
  3 0.25  1.00  -  
  2 0.17  0.98  -  
  1 0.08  0.98  -   
23.42 0.98 9 0.92  0.93  0.92  3.20 
  8 0.83  0.93  0.96   
  7 0.75  0.95  0.97   
  6 0.58  0.95  0.97   
  5 0.50  0.95  0.97   
  4 0.42  0.98  0.96   
  3 0.25  0.98  0.96   
  2 0.17  1.00  1.02   
  1 0.08  0.98  0.98   
 
 
 
 
- 
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Table A1-3. Test 3 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
1.62 0.07 9 0.92  0.00   2.40 
  8 0.83  0.00    
  7 0.75  0.00    
  6 0.58  0.00    
  5 0.50  0.00    
  4 0.42  0.00    
  3 0.25  0.00    
  2 0.17  0.02    
  1 0.08  0.70     
2.70 0.11 9 0.92  0.00   2.40 
  8 0.83  0.00    
  7 0.75  0.00    
  6 0.58  0.00    
  5 0.50  0.00    
  4 0.42  0.00    
  3 0.25  0.02    
  2 0.17  0.73    
  1 0.08  0.97     
4.17 0.17 9 0.92  0.00   2.80 
  8 0.83  0.00    
  7 0.75  0.00    
  6 0.58  0.00    
  5 0.50  0.00    
  4 0.42  0.02    
  3 0.25  0.29    
  2 0.17  0.98    
  1 0.08  0.98     
8.00 0.33 9 0.92  0.00   2.80 
  8 0.83  0.00    
  7 0.75  0.00    
  6 0.58  0.00    
  5 0.50  0.02    
  4 0.42  0.33    
  3 0.25  0.97    
  2 0.17  0.98    
  1 0.08  0.98     
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Table A1-3. (continued) Test 3 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
12.50 0.52 9 0.92  0.00  - 3.20 
  8 0.83  0.00  -  
  7 0.75  0.00  -  
  6 0.58  0.00  -  
  5 0.50  0.97  -  
  4 0.42  0.96  -  
  3 0.25  0.98  -  
  2 0.17  0.97  -  
  1 0.08  0.99  -  
- 
18.50 0.77 9 0.92  0.02  0.00  3.20 
  8 0.83  0.02  0.00   
  7 0.75  0.77  0.76   
  6 0.58  0.97  0.93   
  5 0.50  0.98  0.92   
  4 0.42  0.99  0.96   
  3 0.25  0.97  1.02   
  2 0.17  0.97  1.00   
  1 0.08  0.99  1.01   
22.50 0.94 9 0.92  0.02  - 4.00 
  8 0.83  0.58  -  
  7 0.75  0.96  -  
  6 0.58  0.96  -  
  5 0.50  0.99  -  
  4 0.42  0.98  -  
  3 0.25  0.98  -  
  2 0.17  0.99  -  
  1 0.08  0.99  -  
28.00 1.17 9 0.92  0.42  0.32  4.80 
  8 0.83  0.98  0.91   
  7 0.75  0.98  0.93   
  6 0.58  0.97  1.07   
  5 0.50  0.98  1.01   
  4 0.42  0.98  1.02   
  3 0.25  1.00  1.01   
  2 0.17  0.98  1.00   
  1 0.08  0.99  0.96   
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Table A1-3. (continued) Test 3 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
30.13 1.26 9 0.92  0.86  - 6.00 
  8 0.83  0.98  -  
  7 0.75  0.99  -  
  6 0.58  0.95  -  
  5 0.50  0.99  -  
  4 0.42  1.00  -  
  3 0.25  0.99  -  
  2 0.17  1.00  -  
  1 0.08  1.00  -  
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Table A1-4. Test 4 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl Conc. 
Normalized 
CS Conc. (cP)  
0.68 0.03 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.00  0.00   
  3 0.25  0.00  0.00   
  2 0.17  0.02  0.00   
  1 0.08  0.94  0.93   
1.53 0.06 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.00  0.00   
  3 0.25  0.02  0.00   
  2 0.17  0.85  0.90   
  1 0.08  0.97  0.94   
2.53 0.11 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.02  0.00   
  3 0.25  0.82  0.91   
  2 0.17  0.95  0.96   
  1 0.08  0.94  0.97   
4.62 0.19 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.02  0.00   
  4 0.42  0.68  0.62   
  3 0.25  0.96  1.09   
  2 0.17  0.96  0.96   
  1 0.08  0.96  1.00   
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Table A1-4. (continued) Test 4 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl Conc. 
Normalized 
CS Conc. (cP)  
6.53 0.27 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.02  0.03   
  5 0.50  0.96  0.97   
  4 0.42  0.97  1.03   
  3 0.25  0.97  0.81   
  2 0.17  0.96  0.84   
  1 0.08  0.96  0.97   
16.12 0.67 9 0.92  0.85  1.00  2.40 
  8 0.83  0.95  1.06   
  7 0.75  0.96  1.07   
  6 0.58  0.95  1.03   
  5 0.50  0.98  1.06   
  4 0.42  0.98  1.03   
  3 0.25  0.98  1.06   
  2 0.17  0.98  1.06   
  1 0.08  0.98  1.06   
21.70 0.90 9 0.92  0.98  1.03  2.80 
  8 0.83  0.96  0.99   
  7 0.75  0.97  1.00   
  6 0.58  0.99  1.00   
  5 0.50  0.96  1.00   
  4 0.42  0.98  1.03   
  3 0.25  0.98  1.00   
  2 0.17  0.99  1.00   
  1 0.08  1.00  1.03   
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Table A1-5. Test 5 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
0.67 0.03 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.00  0.00   
  3 0.25  0.00  0.00   
  2 0.17  0.02  0.00   
  1 0.08  0.82  0.84   
1.50 0.06 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.00  0.00   
  3 0.25  0.02  0.00   
  2 0.17  0.84  0.87   
  1 0.08  0.90  0.94   
2.83 0.12 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.02  0.00   
  3 0.25  0.89  0.87   
  2 0.17  0.96  0.90   
  1 0.08  0.96  0.93   
4.83 0.20 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.02  0.00   
  4 0.42  0.55  0.57   
  3 0.25  0.96  0.90   
  2 0.17  0.95  0.97   
  1 0.08  0.96  0.94   
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Table A1-5. (continued)Test 5 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
6.58 0.27 9 0.92  0.00  0.00  2.80 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.02  0.00   
  5 0.50  0.91  0.87   
  4 0.42  0.94  0.96   
  3 0.25  0.98  0.93   
  2 0.17  0.98  0.90   
  1 0.08  0.99  0.94   
16.83 0.70 9 0.92  0.02  0.00  3.60 
  8 0.83  0.65  0.61   
  7 0.75  0.97  0.93   
  6 0.58  0.98  1.00   
  5 0.50  0.97  0.98   
  4 0.42  0.98  0.97   
  3 0.25  0.97  0.94   
  2 0.17  0.96  0.97   
  1 0.08  0.99  0.97   
19.33 0.81 9 0.92  0.07  0.07  4.40 
  8 0.83  0.92  0.91   
  7 0.75  0.92  0.91   
  6 0.58  0.93  0.92   
  5 0.50  0.92  0.91   
  4 0.42  0.95  1.00   
  3 0.25  0.98  1.00   
  2 0.17  0.98  0.94   
  1 0.08  0.96  0.94   
28.00 1.17 9 0.92  - - 21.2 
  8 0.83  - -  
  7 0.75  - -  
  6 0.58  - -  
  5 0.50  - -  
  4 0.42  - -  
  3 0.25  - -  
  2 0.17  - -  
  1 0.08  - -  
 
 183
Table A1-6. Test 6 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
1.55 0.06 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.00  0.00   
  3 0.25  0.01  0.03   
  2 0.17  0.07  0.06   
  1 0.08  0.40  0.44   
3.12 0.13 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.00  0.00   
  3 0.25  0.01  0.03   
  2 0.17  0.59  0.63   
  1 0.08  0.70 0.22   
4.50 0.19 9 0.92  0.00  0.00  3.20 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.01  0.03   
  3 0.25  0.40  0.44   
  2 0.17  0.75  0.66   
  1 0.08  0.97  0.99   
5.68 0.24 9 0.92  0.00  0.00  3.20 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.01  0.03   
  4 0.42  0.25  0.25   
  3 0.25  0.75  0.78   
  2 0.17  0.89  0.90   
  1 0.08  1.00  1.02   
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Table A1-6. (continued) Test 6 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
7.75 0.32 9 0.92  0.00  0.00  4.40 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.01  0.00   
  5 0.50  0.18  0.16   
  4 0.42  0.45  0.56   
  3 0.25  0.94  1.01   
  2 0.17  0.93  1.05   
  1 0.08  0.93  1.01   
11.75 0.49 9 0.92  0.00  0.00  74.80 
  8 0.83  0.00  0.00   
  7 0.75  0.01  0.00   
  6 0.58  0.04  0.03   
  5 0.50  0.31  0.47   
  4 0.42  0.81  0.83   
  3 0.25  0.90  0.93   
  2 0.17  0.94  0.92   
  1 0.08  0.96  0.90   
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Table A1-7. Test 7 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
0.33 0.01 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.00  0.00   
  3 0.25  0.00  0.00   
  2 0.17  0.00  0.00   
  1 0.08  0.47  0.43   
0.83 0.03 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.00  0.00   
  3 0.25  0.00  0.00   
  2 0.17  0.01  0.03   
  1 0.08  0.98  0.94   
1.17 0.05 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.00  0.00   
  3 0.25  0.00  0.00   
  2 0.17  0.24  0.20   
  1 0.08  0.93  0.96   
1.58 0.07 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.00  0.00   
  3 0.25  0.01  0.00   
  2 0.17  0.92  0.97   
  1 0.08  0.96  0.94   
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Table A1-7. (continued) Test 7 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
2.08 0.09 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.00  0.00   
  3 0.25  0.11  0.16   
  2 0.17  0.96  1.03   
  1 0.08  1.00  1.00   
2.50 0.10 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.01  0.00   
  3 0.25  0.98  0.94   
  2 0.17  1.00  1.03   
  1 0.08  1.00  1.00   
4.08 0.17 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.03  0.00   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00   
4.33 0.18 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.22  0.20   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00   
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Table A1-7. (continued) Test 7 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
4.50 0.19 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.63  0.65   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00   
- 
4.92 0.20 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.01  0.00   
  4 0.42  0.93  1.00   
  3 0.25  0.97  1.02   
  2 0.17  0.97  0.98   
  1 0.08  1.00  1.00   
5.83 0.24 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.16  0.17   
  4 0.42  0.98  1.00   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00   
6.17 0.26 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.74  0.78   
  4 0.42  1.00  1.00   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00   
- 
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Table A1-7. (continued) Test 7 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
6.42 0.27 9 0.92  0.00  0.00  2.80 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.02  0.00   
  5 0.50  0.95  0.94   
  4 0.42  0.98  0.99   
  3 0.25  0.98  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00   
7.88 0.33 9 0.92  0.00  0.00  2.80 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.26  0.27   
  5 0.50  0.96  1.00   
  4 0.42  1.00  1.00   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00   
8.38 0.35 9 0.92  0.00  0.00  3.20 
  8 0.83  0.00  0.00   
  7 0.75  0.01  0.00   
  6 0.58  0.88  0.94   
  5 0.50  1.00  1.03   
  4 0.42  0.98  1.03   
  3 0.25  0.97  0.99   
  2 0.17  0.98  0.97   
  1 0.08  1.00  1.00   
11.72 0.49 9 0.92  0.00  0.00  3.20 
  8 0.83  0.00  0.00   
  7 0.75  0.23  0.27   
  6 0.58  1.00  1.00   
  5 0.50  1.00  1.00   
  4 0.42  1.00  1.00   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00   
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Table A1-7. (continued) Test 7 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
12.22 0.51 9 0.92  0.00  0.00  3.20 
  8 0.83  0.01  0.03   
  7 0.75  0.71  0.78   
  6 0.58  0.97  1.06   
  5 0.50  0.98  1.03   
  4 0.42  0.99  1.01   
  3 0.25  0.97  1.03   
  2 0.17  0.99  1.03   
  1 0.08  1.00  1.00   
12.72 0.53 9 0.92  0.00  0.00  3.20 
  8 0.83  0.00  0.00   
  7 0.75  0.84  0.90   
  6 0.58  1.00  1.00   
  5 0.50  1.00  1.00   
  4 0.42  1.00  1.00   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00   
 
13.17 0.55 9 0.92  0.00  0.00  3.20 
  8 0.83  0.00  0.00   
  7 0.75  0.96  1.02   
  6 0.58  1.00  1.00   
  5 0.50  1.00  1.00   
  4 0.42  1.00  1.00   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00   
15.78 0.66 9 0.92  0.00  0.00  3.20 
  8 0.83  0.38  0.39   
  7 0.75  1.00  1.00   
  6 0.58  1.00  1.00   
  5 0.50  1.00  1.00   
  4 0.42  1.00  1.00   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00   
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Table A1-7. (continued) Test 7 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
16.53 0.69 9 0.92  0.02  0.00  3.60 
  8 0.83  0.87  0.88   
  7 0.75  0.98  1.04   
  6 0.58  0.95  1.00   
  5 0.50  0.98  1.03   
  4 0.42  0.96  1.03   
  3 0.25  1.00  1.03   
  2 0.17  0.98  1.09   
  1 0.08  1.00  1.00   
20.92 0.87 9 0.92  0.02  0.00  >10 
  8 0.83  0.96  1.00   
  7 0.75  1.00  1.00   
  6 0.58  1.00  1.00   
  5 0.50  1.00  1.00   
  4 0.42  1.00  1.00   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00   
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Table A1-8. Test 8 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
0.60 0.03 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.00  0.00   
  3 0.25  0.00  0.00   
  2 0.17  0.02  0.00   
  1 0.08  0.60  0.60   
1.33 0.06 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.00  0.00   
  3 0.25  0.00  0.00   
  2 0.17  0.20  0.23   
  1 0.08  0.97  1.07   
1.90 0.08 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.00  0.00   
  3 0.25  0.03  0.00   
  2 0.17  0.91  0.96   
  1 0.08  0.95  1.03   
2.83 0.12 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.00  0.00   
  3 0.25  0.33  0.34   
  2 0.17  0.96  0.96   
  1 0.08  0.99  1.01   
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Table A1-8. (continued) Test 8 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
3.17 0.13 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.03  0.04   
  3 0.25  0.98  0.99   
  2 0.17  0.99  1.00   
  1 0.08  0.99  1.00   
5.72 0.24 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.21  0.19   
  3 0.25  0.96  0.99   
  2 0.17  1.00  1.00   
  1 0.08  1.00  0.96   
6.18 0.26 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.03  0.00   
  4 0.42  0.91  0.96   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00   
7.57 0.32 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.26  0.26   
  4 0.42  0.97  1.00   
  3 0.25  0.97  1.04   
  2 0.17  0.98  1.03   
  1 0.08  0.98  1.07   
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Table A1-8. (continued) Test 8 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
8.03 0.33 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.03  0.00   
  5 0.50  0.76  0.89   
  4 0.42  1.00  1.00   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00    
9.77 0.41 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.38  0.49   
  5 0.50  0.92  1.04   
  4 0.42  0.98  1.03   
  3 0.25  0.91  1.08   
  2 0.17  0.94  1.04   
  1 0.08  1.00  1.07   
10.25 0.43 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.03  0.00   
  6 0.58  0.97  0.97   
  5 0.50  1.00  1.00   
  4 0.42  1.00  1.00   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00   
13.40 0.56 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.27  0.34   
  6 0.58  0.92  1.03   
  5 0.50  0.95  1.03   
  4 0.42  0.97  1.04   
  3 0.25  0.95  1.04   
  2 0.17  0.92  1.04   
  1 0.08  0.95  1.04   
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Table A1-8. (continued) Test 8 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
14.20 0.59 9 0.92  0.00  0.00  2.40 
  8 0.83  0.03  0.04   
  7 0.75  0.82  0.97   
  6 0.58  1.00  1.00   
  5 0.50  1.00  1.00   
  4 0.42  1.00  1.00   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00   
16.53 0.69 9 0.92  0.00  0.00  2.40 
  8 0.83  0.66  0.78   
  7 0.75  0.94  1.00   
  6 0.58  0.97  1.04   
  5 0.50  0.98  1.03   
  4 0.42  1.00  1.00   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00    
17.25 0.72 9 0.92  0.03  0.04  2.40 
  8 0.83  0.99  1.07   
  7 0.75  1.00  1.00   
  6 0.58  1.00  1.00   
  5 0.50  1.00  1.00   
  4 0.42  1.00  1.00   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00   
19.33 0.81 9 0.92  0.28  0.30  2.40 
  8 0.83  0.93  1.00   
  7 0.75  0.93  1.07   
  6 0.58  0.99  1.03   
  5 0.50  0.97  1.04   
  4 0.42  0.95  1.07   
  3 0.25  0.98  1.07   
  2 0.17  1.00  1.07   
  1 0.08  1.01  1.07    
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Table A1-8. (continued) Test 8 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
20.52 0.85 9 0.92  0.96  0.99  2.40 
  8 0.83  1.00  1.00   
  7 0.75  1.00  1.00   
  6 0.58  1.00  1.00   
  5 0.50  1.00  1.00   
  4 0.42  1.00  1.00   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00   
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Table A1-9. Test 9 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
0.72 0.03 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.00  0.00   
  3 0.25  0.00  0.00   
  2 0.17  0.02  0.04   
  1 0.08  0.95  0.98   
1.52 0.06 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.00  0.00   
  3 0.25  0.03  0.00   
  2 0.17  0.69  0.70   
  1 0.08  0.99  1.00   
2.65 0.11 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.00  0.00   
  3 0.25  0.49  0.42   
  2 0.17  0.98  1.01   
  1 0.08  1.00  1.00   
3.25 0.14 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.03  0.00   
  3 0.25  0.99  1.04   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00   
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Table A1-9. (continued) Test 9 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
5.07 0.21 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.45  0.45   
  3 0.25  0.98  1.04   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00   
5.53 0.23 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.03  0.00   
  4 0.42  0.96  0.97   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00    
6.57 0.27 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.28  0.25   
  4 0.42  0.98  1.00   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00   
7.53 0.31 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.03  0.00   
  5 0.50  0.99  1.00   
  4 0.42  1.00  1.00   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00   
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Table A1-9. (continued) Test 9 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
8.37 0.35 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.03  0.00   
  6 0.58  0.35  0.35   
  5 0.50  1.00  1.00   
  4 0.42  1.00  1.00   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00   
8.83 0.37 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.96  0.93   
  5 0.50  1.00  1.00   
  4 0.42  1.00  1.00   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00   
11.93 0.50 9 0.92  0.00  0.00  2.00 
  8 0.83  0.04  0.00   
  7 0.75  0.67  0.63   
  6 0.58  1.00  1.00   
  5 0.50  1.00  1.00   
  4 0.42  1.00  1.00   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00   
14.45 0.60 9 0.92  0.00  0.00  2.00 
  8 0.83  0.75  0.78   
  7 0.75  1.00  1.02   
  6 0.58  1.00  1.00   
  5 0.50  1.00  1.00   
  4 0.42  1.00  1.00   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00   
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Table A1-9. (continued) Test 9 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
15.45 0.64 9 0.92  0.03  0.00  2.00 
  8 0.83  1.00  0.98   
  7 0.75  1.00  1.00   
  6 0.58  1.00  1.00   
  5 0.50  1.00  1.00   
  4 0.42  1.00  1.00   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00   
16.97 0.71 9 0.92  0.46  0.42  2.00 
  8 0.83  1.00  1.00   
  7 0.75  1.00  1.00   
  6 0.58  1.00  1.00   
  5 0.50  1.00  1.00   
  4 0.42  1.00  1.00   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00    
18.32 0.76 9 0.92  0.98  1.00  2.00 
  8 0.83  0.99  1.00   
  7 0.75  0.97  1.04   
  6 0.58  1.00  1.04   
  5 0.50  0.98  1.04   
  4 0.42  0.98  1.00   
  3 0.25  0.98  1.08   
  2 0.17  0.98  1.04   
  1 0.08  0.98  1.04    
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Table A1-10. Test 10 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
0.48 0.02 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.00  0.00   
  3 0.25  0.00  0.00   
  2 0.17  0.00  0.00   
  1 0.08  0.60  0.57   
0.70 0.03 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.00  0.00   
  3 0.25  0.00  0.00   
  2 0.17  0.01  0.00   
  1 0.08  0.90  0.83   
1.23 0.05 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.00  0.00   
  3 0.25  0.00  0.00   
  2 0.17  0.67  0.63   
  1 0.08  0.94  0.92   
1.50 0.06 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.00  0.00   
  3 0.25  0.02  0.00   
  2 0.17  0.92  0.93   
  1 0.08  1.00  1.00   
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Table A1-10. (continued) Test 10 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
2.15 0.09 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.00  0.00   
  3 0.25  0.93  0.89   
  2 0.17  0.94  0.99   
  1 0.08  0.96  0.96   
2.75 0.11 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.04  0.00   
  3 0.25  0.98  0.99   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00   
3.70 0.15 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.64  0.64   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00   
3.98 0.17 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.02  0.00   
  4 0.42  0.97  0.96   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00   
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Table A1-10. (continued) Test 10 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
4.80 0.20 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.61  0.67   
  4 0.42  0.93  0.96   
  3 0.25  0.95  1.00   
  2 0.17  0.94  0.99   
  1 0.08  0.95  0.99   
5.32 0.22 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.02  0.00   
  5 0.50  0.98  1.00   
  4 0.42  1.00  1.00   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00   
6.13 0.26 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.50  0.57   
  5 0.50  1.00  1.00   
  4 0.42  1.00  1.00   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00   
6.38 0.27 9 0.92  0.00  0.00  2.80 
  8 0.83  0.00  0.00   
  7 0.75  0.02  0.00   
  6 0.58  0.98  0.98   
  5 0.50  1.00  1.00   
  4 0.42  1.00  1.00   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00   
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Table A1-10. (continued) Test 10 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
8.35 0.35 9 0.92  0.00  0.00  2.80 
  8 0.83  0.00  0.00   
  7 0.75  0.73  0.77   
  6 0.58  0.95  0.99   
  5 0.50  0.96  0.96   
  4 0.42  0.96  0.97   
  3 0.25  0.94  1.02   
  2 0.17  0.97  1.06   
  1 0.08  0.98  1.03   
8.97 0.37 9 0.92  0.00  0.00  2.80 
  8 0.83  0.01  0.03   
  7 0.75  0.93  1.00   
  6 0.58  1.00  1.00   
  5 0.50  1.00  1.00   
  4 0.42  1.00  1.00   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00    
10.10 0.42 9 0.92  0.00  0.00  2.80 
  8 0.83  0.47  0.57   
  7 0.75  1.00  1.00   
  6 0.58  1.00  1.00   
  5 0.50  1.00  1.00   
  4 0.42  1.00  1.00   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00   
10.55 0.44 9 0.92  0.01  0.00  2.80 
  8 0.83  0.93  0.97   
  7 0.75  1.00  1.00   
  6 0.58  1.00  1.00   
  5 0.50  1.00  1.00   
  4 0.42  1.00  1.00   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00   
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Table A1-10. (continued) Test 10 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
12.10 0.50 9 0.92  0.71  0.73  2.80 
  8 0.83  0.92  0.99   
  7 0.75  0.94  0.99   
  6 0.58  0.95  0.99   
  5 0.50  0.94  0.96   
  4 0.42  0.94  1.00   
  3 0.25  0.94  1.03   
  2 0.17  0.96  0.99   
  1 0.08  0.97  1.00   
13.17 0.55 9 0.92  0.91  0.96  2.80 
  8 0.83  1.00  1.00   
  7 0.75  1.00  1.00   
  6 0.58  1.00  1.00   
  5 0.50  1.00  1.00   
  4 0.42  1.00  1.00   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00    
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Table A1-11. Test 11 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
0.25 0.01 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.00  0.00   
  3 0.25  0.00  0.00   
  2 0.17  0.00  0.00   
  1 0.08  0.82  0.87    
0.43 0.02 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.00  0.00   
  3 0.25  0.00  0.00   
  2 0.17  0.04  0.07   
  1 0.08  0.97  0.98    
0.82 0.03 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.00  0.00   
  3 0.25  0.02  0.00   
  2 0.17  0.88  0.95   
  1 0.08  1.00  1.00    
1.12 0.05 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.00  0.00   
  3 0.25  0.00  0.00   
  2 0.17  0.99  0.98   
  1 0.08  1.00  1.00    
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Table A1-11. (continued) Test 11 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
1.38 0.06 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.02  0.03   
  3 0.25  0.83  0.90   
  2 0.17  0.96  1.01   
  1 0.08  0.98  1.01    
1.83 0.08 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.00  0.00   
  3 0.25  0.95  0.96   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00    
2.32 0.10 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.02  0.00   
  4 0.42  0.81  0.86   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00    
2.75 0.11 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.97  0.96   
  3 0.25  0.95  0.99   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00    
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Table A1-11. (continued) Test 11 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
3.08 0.13 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.02  0.00   
  5 0.50  0.89  0.93   
  4 0.42  0.93  1.02   
  3 0.25  0.95  1.02   
  2 0.17  0.97  1.03   
  1 0.08  0.97  0.99    
3.87 0.16 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.86  0.89   
  5 0.50  0.97  0.99   
  4 0.42  1.00  1.00   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00    
4.12 0.17 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.02  0.00   
  6 0.58  0.97  0.99   
  5 0.50  1.00  1.00   
  4 0.42  1.00  1.00   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00    
5.33 0.22 9 0.92  0.00  0.00  2.40 
  8 0.83  0.02  0.03   
  7 0.75  0.94  0.95   
  6 0.58  0.98  1.03   
  5 0.50  0.97  0.99   
  4 0.42  0.96  1.02   
  3 0.25  0.97  1.02   
  2 0.17  0.99  1.02   
  1 0.08  0.98  1.02    
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Table A1-11. (continued) Test 11 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
6.32 0.26 9 0.92  0.00  0.00  2.40 
  8 0.83  0.86  0.90   
  7 0.75  0.98  1.02   
  6 0.58  1.00  1.00   
  5 0.50  1.00  1.00   
  4 0.42  1.00  1.00   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00    
6.80 0.28 9 0.92  0.05  0.03  2.40 
  8 0.83  0.94  0.99   
  7 0.75  1.00  1.00   
  6 0.58  1.00  1.00   
  5 0.50  1.00  1.00   
  4 0.42  1.00  1.00   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00    
7.27 0.30 9 0.92  0.87  0.90  2.40 
  8 0.83  0.96  1.03   
  7 0.75  0.93  1.02   
  6 0.58  0.97  1.03   
  5 0.50  0.97  0.99   
  4 0.42  0.94  0.99   
  3 0.25  0.97  0.99   
  2 0.17  0.97  0.96   
  1 0.08  0.96  0.99    
8.10 0.34 9 0.92  0.96  0.99  2.40 
  8 0.83  1.00  1.00   
  7 0.75  1.00  1.00   
  6 0.58  1.00  1.00   
  5 0.50  1.00  1.00   
  4 0.42  1.00  1.00   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00    
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Table A1-12. Test 12 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
0.03 0.00 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.00  0.00   
  3 0.25  0.00  0.00   
  2 0.17  0.00  0.00   
  1 0.08  0.01  0.00   
- 
0.08 0.00 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.00  0.00   
  3 0.25  0.00  0.00   
  2 0.17  0.04  0.07   
  1 0.08  0.96  0.92    
0.13 0.01 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.00  0.00   
  3 0.25  0.01  0.03   
  2 0.17  1.00  0.96   
  1 0.08  1.00  1.00    
0.18 0.01 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.02  0.03   
  3 0.25  0.90  0.89   
  2 0.17  0.97  0.99   
  1 0.08  1.00  0.99    
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Table A1-12. (continued) Test 12 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
0.32 0.01 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.02  0.00   
  4 0.42  0.98  0.96   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00    
0.37 0.02 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.02  0.00   
  5 0.50  0.95  0.95   
  4 0.42  0.95  0.96   
  3 0.25  0.94  0.98   
  2 0.17  0.96  0.99   
  1 0.08  0.98  0.99    
0.43 0.02 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.02  0.00   
  6 0.58  0.96  0.90   
  5 0.50  1.00  1.00   
  4 0.42  1.00  1.00   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00    
0.53 0.02 9 0.92  0.00  0.00  2.00 
  8 0.83  0.01  0.00   
  7 0.75  0.95  0.95   
  6 0.58  0.94  0.99   
  5 0.50  0.98  0.99   
  4 0.42  0.95  0.95   
  3 0.25  0.99  0.98   
  2 0.17  0.98  0.99   
  1 0.08  0.95  0.99    
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Table A1-12. (continued) Test 12 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
0.63 0.03 9 0.92  0.02  0.00  2.00 
  8 0.83  0.90  0.83   
  7 0.75  1.00  1.00   
  6 0.58  1.00  1.00   
  5 0.50  1.00  1.00   
  4 0.42  1.00  1.00   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00   
0.75 0.03 9 0.92  0.95  0.99  2.00 
  8 0.83  0.94  1.03   
  7 0.75  0.97  0.99   
  6 0.58  0.97  1.03   
  5 0.50  0.99  1.02   
  4 0.42  0.96  1.02   
  3 0.25  0.96  0.99   
  2 0.17  0.99  0.99   
  1 0.08  0.95  0.98   
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Table A1-13. Test 13 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
0.92 0.04 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.00  0.00   
  3 0.25  0.00  0.00   
  2 0.17  0.02  0.00   
  1 0.08  0.86  0.87    
1.40 0.06 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.00  0.00   
  3 0.25  0.03  0.04   
  2 0.17  0.84  0.85   
  1 0.08  0.99  1.01    
2.13 0.09 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.03  0.00   
  3 0.25  0.95  0.97   
  2 0.17  0.99  1.01   
  1 0.08  1.00  1.00    
3.15 0.13 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.54  0.52   
  4 0.42  0.95  0.93   
  3 0.25  0.98  1.04   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00    
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Table A1-13. (continued) Test 13 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
3.88 0.16 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.55  0.52   
  5 0.50  0.99  0.93   
  4 0.42  1.00  1.05   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00    
4.65 0.19 9 0.92  0.00  0.00  2.00 
  8 0.83  0.02  0.00   
  7 0.75  0.12  0.12   
  6 0.58  0.95  0.94   
  5 0.50  0.99  0.97   
  4 0.42  1.00  1.00   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00    
5.97 0.25 9 0.92  0.13  0.12  2.00 
  8 0.83  0.80  0.81   
  7 0.75  0.93  0.93   
  6 0.58  0.97  0.94   
  5 0.50  1.00  1.00   
  4 0.42  1.00  1.00   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00    
6.73 0.28 9 0.92  0.74  0.73  2.00 
  8 0.83  0.99  0.97   
  7 0.75  1.00  0.98   
  6 0.58  1.00  1.00   
  5 0.50  1.00  1.00   
  4 0.42  1.00  1.00   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00    
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Table A1-13. (continued) Test 13 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
7.57 0.32 9 0.92  0.82  0.81  2.00 
  8 0.83  0.94  0.90   
  7 0.75  1.00  1.00   
  6 0.58  1.00  1.00   
  5 0.50  1.00  1.00   
  4 0.42  1.00  1.00   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00    
8.25 0.34 9 0.92  0.93  0.93  2.00 
  8 0.83  0.94  0.93   
  7 0.75  0.96  0.97   
  6 0.58  0.98  0.98   
  5 0.50  1.00  0.97   
  4 0.42  1.00  0.97   
  3 0.25  0.97  1.01   
  2 0.17  0.98  1.00   
  1 0.08  1.00  1.00    
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Table A1-14. Test 14 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
0.42 0.02 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.00  0.00   
  3 0.25  0.00  0.00   
  2 0.17  0.01  0.10   
  1 0.08  0.16  0.17    
2.17 0.09 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.00  0.00   
  3 0.25  0.00  0.00   
  2 0.17  0.00  0.00   
  1 0.08  0.32  0.43    
2.92 0.12 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.00  0.00   
  3 0.25  0.00  0.00   
  2 0.17  0.02  0.03   
  1 0.08  0.79  0.88    
3.42 0.14 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.00  0.00   
  3 0.25  0.00  0.00   
  2 0.17  0.00  0.00   
  1 0.08  0.92  0.89    
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Table A1-14. (continued) Test 14 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
4.67 0.19 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.00  0.00   
  3 0.25  0.01 0.10   
  2 0.17  0.72  0.72   
  1 0.08  0.99  0.94    
5.17 0.22 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.00  0.00   
  3 0.25  0.00  0.00   
  2 0.17  0.89  0.89   
  1 0.08  1.00  1.00    
6.67 0.28 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.05  0.03   
  3 0.25  0.43  0.43   
  2 0.17  0.89  0.88   
  1 0.08  1.00  1.00    
7.25 0.30 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.10  0.10   
  3 0.25  0.71  0.70   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00    
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Table A1-14. (continued) Test 14 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
9.47 0.39 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.01  0.03   
  5 0.50  0.13  0.13   
  4 0.42  0.43  0.43   
  3 0.25  0.97  0.96   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00    
10.47 0.44 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.19  0.20   
  4 0.42  0.50  0.50   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00    
12.97 0.54 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.03  0.03   
  6 0.58  0.03  0.03  
  5 0.50  0.57  0.54   
  4 0.42  0.85  0.86   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00    
14.00 0.58 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.23  0.24   
  5 0.50  0.55  0.53   
  4 0.42  1.00  1.00   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00    
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Table A1-14. (continued) Test 14 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
32.75 1.36 9 0.92  0.01  0.00  2.40 
  8 0.83  0.03  0.03   
  7 0.75  0.03  0.07   
  6 0.58  0.20  0.23   
  5 0.50  0.91  0.91   
  4 0.42  0.97  1.01   
  3 0.25  0.96  0.97   
  2 0.17  1.00  0.92   
  1 0.08  0.99  0.91    
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Table A1-15. Test 15 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
0.75 0.03 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.00  0.00   
  3 0.25  0.00  0.00   
  2 0.17  0.00  0.00   
  1 0.08  0.02  0.00   
- 
2.75 0.11 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.00  0.00   
  3 0.25  0.00  0.00   
  2 0.17  0.02  0.03   
  1 0.08  0.73  0.75   
- 
3.42 0.14 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.00  0.00   
  3 0.25  0.00  0.00   
  2 0.17  0.00  0.00   
  1 0.08  0.91  0.98   
- 
4.33 0.18 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.00  0.00   
  3 0.25  0.01  0.03   
  2 0.17  0.25  0.17   
  1 0.08  0.92  0.94   
- 
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Table A1-15. (continued) Test 15 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
6.92 0.29 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.00  0.00   
  4 0.42  0.02  0.28   
  3 0.25  0.50  0.45   
  2 0.17  0.96  0.94   
  1 0.08  1.00  1.00   
- 
10.00 0.42 9 0.92  0.00  0.00  2.00 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.00  0.00   
  5 0.50  0.06  0.10   
  4 0.42  0.50  0.44   
  3 0.25  0.90  0.94   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00   
- 
11.92 0.50 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.00  0.00   
  6 0.58  0.04  0.17   
  5 0.50  0.34  0.31   
  4 0.42  0.79  0.71   
  3 0.25  0.92  1.08   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00   
- 
13.92 0.58 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.02  0.10   
  6 0.58  0.15  0.10   
  5 0.50  0.58  0.54   
  4 0.42  0.78  0.78   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00   
- 
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Table A1-15. (continued) Test 15 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
16.00 0.67 9 0.92  0.00  0.00  2.40 
  8 0.83  0.00  0.00   
  7 0.75  0.02  0.03   
  6 0.58  0.82  0.82   
  5 0.50  0.89  0.98   
  4 0.42  0.93  1.01   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00   
- 
20.00 0.83 9 0.92  0.00  0.00  2.40 
  8 0.83  0.04  0.07   
  7 0.75  0.54  0.55   
  6 0.58  0.91  0.89   
  5 0.50  0.93  1.02   
  4 0.42  0.96  0.98   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00   
- 
24.00 1.00 9 0.92  0.03  0.28  3.20 
  8 0.83  0.23  0.52   
  7 0.75  0.94  0.85   
  6 0.58  0.93  0.88   
  5 0.50  0.98  1.06   
  4 0.42  1.00  1.00   
  3 0.25  1.00  1.00   
  2 0.17  1.00  1.00   
  1 0.08  1.00  1.00   
- 
28.00 1.17 9 0.92  0.05  0.07  3.20 
  8 0.83  0.77  0.79   
  7 0.75  0.97  0.91   
  6 0.58  0.96  0.99   
  5 0.50  0.97  1.01   
  4 0.42  0.99  1.01   
  3 0.25  0.93  1.01   
  2 0.17  0.97  1.01   
  1 0.08  1.00  1.05   
- 
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Table A1-15. (continued) Test 15 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
32.17 1.34 9  0.92  0.10  0.10  3.60 
  8  0.83  0.88  0.85   
  7  0.75  0.95  0.95   
  6  0.58  0.95  0.99   
  5  0.50  1.00  1.00   
  4  0.42  1.00  1.00   
  3  0.25  1.00  1.00   
  2  0.17  1.00  1.00   
  1  0.08  1.00  1.00   
- 
38.17 1.59 9  0.92  0.15  0.10  4.00 
  8  0.83  0.88  0.88   
  7  0.75  1.00  1.00  
  6  0.58  1.00  1.00  
  5  0.50  1.00  1.00  
  4  0.42  1.00  1.00  
  3  0.25  1.00  1.00  
  2  0.17  1.00  1.00  
  1  0.08  1.00  1.00   
- 
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Table A2-1. Testing results and pictures of Test 16 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
2.00  0.08  1  0.03  1.00  - 2.40  
  2  0.05  0.07  -  
  3  0.08  0.01  -  
  4  0.13  0.00  -  
  5  0.15  0.00  -  
  6  0.18  0.00  -  
  7  0.23  0.00  -  
  8  0.25  0.00  -  
  9  0.28  0.00  -  
  10  0.33  0.00  -  
  11  0.35  0.00  -  
  12  0.38  0.00  -  
  13  0.43  0.00  -  
  14  0.45  0.00  -  
  15  0.48  0.00  -  
  16  0.53  0.00  -  
  17  0.55  0.00  -  
  18  0.58  0.00  -  
  19  0.63  0.00  -  
  20  0.65  0.00  -  
  21  0.68  0.00  -  
  22  0.73  0.00  -  
  23  0.75  0.00  -  
  24  0.78  0.00  -  
  25  0.83  0.00  -  
  26  0.85  0.00  -  
  27  0.88  0.00  -  
  28  0.93  0.00  -  
  29  0.95  0.00  -  
  30  0.98  0.00  -  
- 
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Table A2-1. (continued) Testing results and pictures of Test 16 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
4.00  0.17  1  0.03  1.00  - 2.40  
  2  0.05  1.00  -  
  3  0.08  0.93  -  
  4  0.13  0.02  -  
  5  0.15  0.00  -  
  6  0.18  0.00  -  
  7  0.23  0.00  -  
  8  0.25  0.00  -  
  9  0.28  0.00  -  
  10  0.33  0.00  -  
  11  0.35  0.00  -  
  12  0.38  0.00  -  
  13  0.43  0.00  -  
  14  0.45  0.00  -  
  15  0.48  0.00  -  
  16  0.53  0.00  -  
  17  0.55  0.00  -  
  18  0.58  0.00  -  
  19  0.63  0.00  -  
  20  0.65  0.00  -  
  21  0.68  0.00  -  
  22  0.73  0.00  -  
  23  0.75  0.00  -  
  24  0.78  0.00  -  
  25  0.83  0.00  -  
  26  0.85  0.00  -  
  27  0.88  0.00  -  
  28  0.93  0.00  -  
  29  0.95  0.00  -  
  30  0.98  0.00  -  
- 
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Table A2-1. (continued) Testing results and pictures of Test 16 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
6.75  0.28  1  0.03  0.97  - 2.40  
  2  0.05  0.99  -  
  3  0.08  0.97  -  
  4  0.13  0.83  -  
  5  0.15  0.02  -  
  6  0.18  0.00  -  
  7  0.23  0.00  -  
  8  0.25  0.00  -  
  9  0.28  0.00  -  
  10  0.33  0.00  -  
  11  0.35  0.00  -  
  12  0.38  0.00  -  
  13  0.43  0.00  -  
  14  0.45  0.00  -  
  15  0.48  0.00  -  
  16  0.53  0.00  -  
  17  0.55  0.00  -  
  18  0.58  0.00  -  
  19  0.63  0.00  -  
  20  0.65  0.00  -  
  21  0.68  0.00  -  
  22  0.73  0.00  -  
  23  0.75  0.00  -  
  24  0.78  0.00  -  
  25  0.83  0.00  -  
  26  0.85  0.00  -  
  27  0.88  0.00  -  
  28  0.93  0.00  -  
  29  0.95  0.00  -  
  30  0.98  0.00  -  
- 
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Table A2-1. (continued) Testing results and pictures of Test 16 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
8.67  0.36  1  0.03  0.95  - 2.40  
  2  0.05  0.97  -  
  3  0.08  0.98  -  
  4  0.13  0.92  -  
  5  0.15  0.89  -  
  6  0.18  0.02  -  
  7  0.23  0.00  -  
  8  0.25  0.00  -  
  9  0.28  0.00  -  
  10  0.33  0.00  -  
  11  0.35  0.00  -  
  12  0.38  0.00  -  
  13  0.43  0.00  -  
  14  0.45  0.00  -  
  15  0.48  0.00  -  
  16  0.53  0.00  -  
  17  0.55  0.00  -  
  18  0.58  0.00  -  
  19  0.63  0.00  -  
  20  0.65  0.00  -  
  21  0.68  0.00  -  
  22  0.73  0.00  -  
  23  0.75  0.00  -  
  24  0.78  0.00  -  
  25  0.83  0.00  -  
  26  0.85  0.00  -  
  27  0.88  0.00  -  
  28  0.93  0.00  -  
  29  0.95  0.00  -  
  30  0.98  0.00  -  
 
 
 
 
 
 
 
6
5
4
3
2
1
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Table A2-1. (continued) Testing results and pictures of Test 16 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
21.33 0.89  1  0.03  0.94  - 2.80  
  2  0.05  0.95  -  
  3  0.08  0.94  -  
  4  0.13  0.95  -  
  5  0.15  0.98  -  
  6  0.18  0.95  -  
  7  0.23  0.96  -  
  8  0.25  0.95  -  
  9  0.28  0.98  -  
  10  0.33  0.94  -  
  11  0.35  0.89  -  
  12  0.38  0.02  -  
  13  0.43  0.00  -  
  14  0.45  0.00  -  
  15  0.48  0.00  -  
  16  0.53  0.00  -  
  17  0.55  0.00  -  
  18  0.58  0.00  -  
  19  0.63  0.00  -  
  20  0.65  0.00  -  
  21  0.68  0.00  -  
  22  0.73  0.00  -  
  23  0.75  0.00  -  
  24  0.78  0.00  -  
  25  0.83  0.00  -  
  26  0.85  0.00  -  
  27  0.88  0.00  -  
  28  0.93  0.00  -  
  29  0.95  0.00  -  
  30  0.98  0.00  -  
- 
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Table A2-1. (continued) Testing results and pictures of Test 16 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
26.67 1.11  1  0.03  0.95  - 3.20  
  2  0.05  0.96  -  
  3  0.08  0.94  -  
  4  0.13  0.94  -  
  5  0.15  0.94  -  
  6  0.18  0.94  -  
  7  0.23  0.96  -  
  8  0.25  0.96  -  
  9  0.28  0.93  -  
  10  0.33  0.94  -  
  11  0.35  0.93  -  
  12  0.38  0.90  -  
  13  0.43  0.84  -  
  14  0.45  0.02  -  
  15  0.48  0.00  -  
  16  0.53  0.00  -  
  17  0.55  0.00  -  
  18  0.58  0.00  -  
  19  0.63  0.00  -  
  20  0.65  0.00  -  
  21  0.68  0.00  -  
  22  0.73  0.00  -  
  23  0.75  0.00  -  
  24  0.78  0.00  -  
  25  0.83  0.00  -  
  26  0.85  0.00  -  
  27  0.88  0.00  -  
  28  0.93  0.00  -  
  29  0.95  0.00  -  
  30  0.98  0.00  -  
- 
 
 
 
 
 
 
 
 230
Table A2-1. (continued) Testing results and pictures of Test 16 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
31.67 1.32  1  0.03  0.96  1.01  3.20  
  2  0.05  0.96  0.95   
  3  0.08  0.97  0.98   
  4  0.13  0.96  1.01   
  5  0.15  0.96  0.95   
  6  0.18  0.97  0.95   
  7  0.23  0.99  0.95   
  8  0.25  0.99  0.95   
  9  0.28  0.96  0.95   
  10  0.33  0.97  0.92   
  11  0.35  0.97  0.98   
  12  0.38  0.96  0.98   
  13  0.43  0.96  0.95   
  14  0.45  0.93  0.92   
  15  0.48  0.77  0.78   
  16  0.53  0.02  0.00   
  17  0.55  0.00  0.00   
  18  0.58  0.00  0.00   
  19  0.63  0.00  0.00   
  20  0.65  0.00  0.00   
  21  0.68  0.00  0.00   
  22  0.73  0.00  0.00   
  23  0.75  0.00  0.00   
  24  0.78  0.00  0.00   
  25  0.83  0.00  0.00   
  26  0.85  0.00  0.00   
  27  0.88  0.00  0.00   
  28  0.93  0.00  0.00   
  29  0.95  0.00  0.00   
  30  0.98  0.00  0.00   
 
 
 
 
 
 
 
1
2
3
4
5
6
7
8
9
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14
15
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17
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Table A2-1. (continued) Testing results and pictures of Test 16 
 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
46.33 1.93  1  0.03  0.99  - 3.20  
  2  0.05  0.96  -  
  3  0.08  0.99  -  
  4  0.13  0.95  -  
  5  0.15  0.96  -  
  6  0.18  0.96  -  
  7  0.23  0.94  -  
  8  0.25  0.96  -  
  9  0.28  0.96  -  
  10  0.33  0.95  -  
  11  0.35  0.95  -  
  12  0.38  0.94  -  
  13  0.43  0.95  -  
  14  0.45  0.96  -  
  15  0.48  0.95  -  
  16  0.53  0.96  -  
  17  0.55  0.94  -  
  18  0.58  0.94  -  
  19  0.63  0.26  -  
  20  0.65  0.01  -  
  21  0.68  0.00  -  
  22  0.73  0.00  -  
  23  0.75  0.00  -  
  24  0.78  0.00  -  
  25  0.83  0.00  -  
  26  0.85  0.00  -  
  27  0.88  0.00  -  
  28  0.93  0.00  -  
  29  0.95  0.00  -  
  30  0.98  0.00  -  
- 
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Table A2-1. (continued) Testing results and pictures of Test 16 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
56.00 2.33  1  0.03  0.93  - 3.60  
  2  0.05  0.95  -  
  3  0.08  0.93  -  
  4  0.13  0.92  -  
  5  0.15  0.94  -  
  6  0.18  0.93  -  
  7  0.23  0.97  -  
  8  0.25  0.92  -  
  9  0.28  0.95  -  
  10  0.33  0.94  -  
  11  0.35  0.91  -  
  12  0.38  0.93  -  
  13  0.43  0.95  -  
  14  0.45  0.91  -  
  15  0.48  0.91  -  
  16  0.53  0.91  -  
  17  0.55  0.90  -  
  18  0.58  0.90  -  
  19  0.63  0.90  -  
  20  0.65  0.91  -  
  21  0.68  0.09  -  
  22  0.73  0.00  -  
  23  0.75  0.00  -  
  24  0.78  0.00  -  
  25  0.83  0.00  -  
  26  0.85  0.00  -  
  27  0.88  0.00  -  
  28  0.93  0.00  -  
  29  0.95  0.00  -  
  30  0.98  0.00  -   
 
 
 
 
 
 
 
1
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
2
3
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Table A2-1. (continued) Testing results and pictures of Test 16 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
79.00 3.29  1  0.03  0.99  - 3.60  
  2  0.05  0.98  -  
  3  0.08  0.99  -  
  4  0.13  0.99  -  
  5  0.15  0.98  -  
  6  0.18  1.00  -  
  7  0.23  0.99  -  
  8  0.25  0.98  -  
  9  0.28  0.99  -  
  10  0.33  0.96  -  
  11  0.35  0.99  -  
  12  0.38  0.96  -  
  13  0.43  0.99  -  
  14  0.45  0.97  -  
  15  0.48  0.96  -  
  16  0.53  0.97  -  
  17  0.55  0.96  -  
  18  0.58  0.96  -  
  19  0.63  0.96  -  
  20  0.65  0.94  -  
  21  0.68  0.94  -  
  22  0.73  0.93  -  
  23  0.75  0.03  -  
  24  0.78  0.00  -  
  25  0.83  0.00  -  
  26  0.85  0.00  -  
  27  0.88  0.00  -  
  28  0.93  0.00  -  
  29  0.95  0.00  -  
  30  0.98  0.00  -  
 
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
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Table A2-2. Test 17 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
0.22  0.01  1  0.03  0.01  0.00  1.60  
  2  0.08  0.00  0.00   
  3  0.13  0.00  0.00   
  4  0.18  0.00  0.00   
  5  0.23  0.00  0.00   
  6  0.28  0.00  0.00   
  7  0.33  0.00  0.00   
  8  0.38  0.00  0.00   
  9  0.43  0.00  0.00   
  10  0.48  0.00  0.00   
  11  0.53  0.00  0.00   
  12  0.58  0.00  0.00   
  13  0.63  0.00  0.00   
  14  0.68  0.00  0.00   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
- 
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Table A2-2. (continued) Test 17 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
2.32  0.10  1  0.03  0.87  0.82  1.60  
  2  0.08  0.01  0.00   
  3  0.13  0.00  0.00   
  4  0.18  0.00  0.00   
  5  0.23  0.00  0.00   
  6  0.28  0.00  0.00   
  7  0.33  0.00  0.00   
  8  0.38  0.00  0.00   
  9  0.43  0.00  0.00   
  10  0.48  0.00  0.00   
  11  0.53  0.00  0.00   
  12  0.58  0.00  0.00   
  13  0.63  0.00  0.00   
  14  0.68  0.00  0.00   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1 
2 
3 
4 
5 
6 
7 
8 
9 
10
11
12
13
14
15
16
17
19
20
18
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Table A2-2. (continued) Test 17 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
4.30  0.18  1  0.03  0.95  0.95  1.60  
  2  0.08  0.50  0.53   
  3  0.13  0.02  0.08   
  4  0.18  0.00  0.00   
  5  0.23  0.00  0.00   
  6  0.28  0.00  0.00   
  7  0.33  0.00  0.00   
  8  0.38  0.00  0.00   
  9  0.43  0.00  0.00   
  10  0.48  0.00  0.00   
  11  0.53  0.00  0.00   
  12  0.58  0.00  0.00   
  13  0.63  0.00  0.00   
  14  0.68  0.00  0.00   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1 
2 
3 
4 
5 
6 
7 
8 
9 
10
11
12
13
14
15
16
17
19
20
18
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Table A2-2. (continued) Test 17 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
7.72  0.32  1  0.03  1.00  1.00  1.60  
  2  0.08  0.93  1.00   
  3  0.13  0.82  0.87   
  4  0.18  0.02  0.08   
  5  0.23  0.00  0.00   
  6  0.28  0.00  0.00   
  7  0.33  0.00  0.00   
  8  0.38  0.00  0.00   
  9  0.43  0.00  0.00   
  10  0.48  0.00  0.00   
  11  0.53  0.00  0.00   
  12  0.58  0.00  0.00   
  13  0.63  0.00  0.00   
  14  0.68  0.00  0.00   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1 
2 
3 
4 
5 
6 
7 
8 
9 
10
11
12
13
14
15
16
17
19
20
18
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Table A2-2. (continued) Test 17 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
10.33 0.43  1  0.03  1.00  1.00  1.60  
  2  0.08  1.00  1.00   
  3  0.13  0.87  0.87   
  4  0.18  0.76  0.71   
  5  0.23  0.01  0.00   
  6  0.28  0.00  0.00   
  7  0.33  0.00  0.00   
  8  0.38  0.00  0.00   
  9  0.43  0.00  0.00   
  10  0.48  0.00  0.00   
  11  0.53  0.00  0.00   
  12  0.58  0.00  0.00   
  13  0.63  0.00  0.00   
  14  0.68  0.00  0.00   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1 
2 
3 
4 
5 
6 
7 
8 
9 
10
11
12
13
14
15
16
17
19
20
18
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Table A2-2. (continued) Test 17 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
12.13 0.51  1  0.03  1.00  1.00  1.60  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  0.97  1.05   
  5  0.23  0.86  0.86   
  6  0.28  0.02  0.05   
  7  0.33  0.00  0.00   
  8  0.38  0.00  0.00   
  9  0.43  0.00  0.00   
  10  0.48  0.00  0.00   
  11  0.53  0.00  0.00   
  12  0.58  0.00  0.00   
  13  0.63  0.00  0.00   
  14  0.68  0.00  0.00   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1 
2 
3 
4 
5 
6 
7 
8 
9 
10
11
12
13
14
15
16
17
19
20
18
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Table A2-2. (continued) Test 17 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
14.60 0.61  1  0.03  1.00  1.00  1.60  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  0.92  0.92   
  6  0.28  0.42  0.41   
  7  0.33  0.02  0.00   
  8  0.38  0.00  0.00   
  9  0.43  0.00  0.00   
  10  0.48  0.00  0.00   
  11  0.53  0.00  0.00   
  12  0.58  0.00  0.00   
  13  0.63  0.00  0.00   
  14  0.68  0.00  0.00   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
 
 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10
11
12
13
14
15
16
17
19
20
18
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Table A2-2. (continued) Test 17 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
15.13 0.63  1  0.03  1.00  1.00  1.60  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  0.98  0.95   
  7  0.33  0.00  0.00   
  8  0.38  0.00  0.00   
  9  0.43  0.00  0.00   
  10  0.48  0.00  0.00   
  11  0.53  0.00  0.00   
  12  0.58  0.00  0.00   
  13  0.63  0.00  0.00   
  14  0.68  0.00  0.00   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
- 
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Table A2-2. (continued) Test 17 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
17.15 0.71  1  0.03  1.00  1.00  2.00  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  0.96  1.03   
  7  0.33  0.89  0.81   
  8  0.38  0.02  0.00   
  9  0.43  0.00  0.00   
  10  0.48  0.00  0.00   
  11  0.53  0.00  0.00   
  12  0.58  0.00  0.00   
  13  0.63  0.00  0.00   
  14  0.68  0.00  0.00   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1 
2 
3 
4 
5 
6 
7 
8 
9 
10
11
12
13
14
15
16
17
19
20
18
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Table A2-2. (continued) Test 17 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
20.27 0.84  1  0.03  1.00  1.00  2.00  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  0.97  0.97   
  8  0.38  0.96  1.05   
  9  0.43  0.02  0.08   
  10  0.48  0.00  0.00   
  11  0.53  0.00  0.00   
  12  0.58  0.00  0.00   
  13  0.63  0.00  0.00   
  14  0.68  0.00  0.00   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1
2
3
4
5
6
7
8
9 
10
11
12
13
14
15
16
17
19
20
18
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Table A2-2. (continued) Test 17 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
22.55 0.94  1  0.03  1.00  1.00  2.00  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.03   
  9  0.43  0.90  0.95   
  10  0.48  0.02  0.05   
  11  0.53  0.00  0.00   
  12  0.58  0.00  0.00   
  13  0.63  0.00  0.00   
  14  0.68  0.00  0.00   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1 
2 
3 
4 
5 
6 
7 
8 
9 
10
11
12
13
14
15
16
17
19
20
18
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Table A2-2. (continued) Test 17 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
25.88 1.08  1  0.03  1.00  1.00  2.00  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.00   
  9  0.43  0.98  0.97   
  10  0.48  0.46  0.49   
  11  0.53  0.02  0.08   
  12  0.58  0.00  0.00   
  13  0.63  0.00  0.00   
  14  0.68  0.00  0.00   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1
2 
3
4 
5 
6 
7 
8 
9 
10
11
12
13
14
15
16
17
19
20
18
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Table A2-2. (continued) Test 17 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
31.42 1.31  1  0.03  1.00  1.00  2.00  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.00   
  9  0.43  1.00  1.00   
  10  0.48  0.97  0.95   
  11  0.53  0.62  0.70   
  12  0.58  0.02  0.05   
  13  0.63  0.00  0.00   
  14  0.68  0.00  0.00   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
- 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11
12
13
14
15
16
17
19
20
18
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Table A2-2. (continued) Test 17 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
32.40 1.35  1  0.03  1.00  1.00  2.00  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.00   
  9  0.43  1.00  1.00   
  10  0.48  1.00  1.00   
  11  0.53  0.75  0.70   
  12  0.58  0.00  0.00   
  13  0.63  0.00  0.00   
  14  0.68  0.00  0.00   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11
12
13
14
15
16
17
19
20
18
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Table A2-2. (continued) Test 17 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
34.03 1.42  1  0.03  1.00  1.00  2.00  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.00   
  9  0.43  1.00  1.00   
  10  0.48  1.00  1.00   
  11  0.53  0.83  0.81   
  12  0.58  0.45  0.43   
  13  0.63  0.03  0.11   
  14  0.68  0.00  0.00   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11
12
13
14
15
16
17
19
20
18
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Table A2-2. (continued) Test 17 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
35.05 1.46  1  0.03  1.00  1.00  2.00  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.00   
  9  0.43  1.00  1.00   
  10  0.48  1.00  1.00   
  11  0.53  1.00  1.00   
  12  0.58  0.63  0.65   
  13  0.63  0.00  0.00   
  14  0.68  0.00  0.00   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
- 
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Table A2-2. (continued) Test 17 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
36.47 1.52  1  0.03  1.00  1.00  2.00  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.00   
  9  0.43  1.00  1.00   
  10  0.48  1.00  1.00   
  11  0.53  1.00  1.00   
  12  0.58  0.96  1.00   
  13  0.63  0.38  0.43   
  14  0.68  0.01  0.03   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11
12
13
14
15
16
17
19
20
18
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Table A2-2. (continued) Test 17 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
37.62 1.57  1  0.03  1.00  1.00  2.00  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.00   
  9  0.43  1.00  1.00   
  10  0.48  1.00  1.00   
  11  0.53  1.00  1.00   
  12  0.58  1.00  1.00   
  13  0.63  0.71  0.65   
  14  0.68  0.00  0.00   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
- 
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Table A2-2. (continued) Test 17 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
39.97 1.67  1  0.03  1.00  1.00  2.00  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.00   
  9  0.43  1.00  1.00   
  10  0.48  1.00  1.00   
  11  0.53  1.00  1.00   
  12  0.58  1.00  1.00   
  13  0.63  0.76  0.78   
  14  0.68  0.32  0.27   
  15  0.73  0.04  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11
12
13
14
15
16
17
19
20
18
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Table A2-2. (continued) Test 17 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
40.97 1.71  1  0.03  1.00  1.00  2.00  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.00   
  9  0.43  1.00  1.00   
  10  0.48  1.00  1.00   
  11  0.53  1.00  1.00   
  12  0.58  1.00  1.00   
  13  0.63  1.00  1.00   
  14  0.68  0.60  0.59   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
- 
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Table A2-2. (continued) Test 17 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
42.30 1.76  1  0.03  1.00  1.00  2.00  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.00   
  9  0.43  1.00  1.00   
  10  0.48  1.00  1.00   
  11  0.53  1.00  1.00   
  12  0.58  1.00  1.00   
  13  0.63  1.00  1.00   
  14  0.68  0.91  0.89   
  15  0.73  0.51  0.51   
  16  0.78  0.02  0.03   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11
12
13
14
15
16
17
19
20
18
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Table A2-2. (continued) Test 17 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
43.27 1.80  1  0.03  1.00  1.00  2.00  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.00   
  9  0.43  1.00  1.00   
  10  0.48  1.00  1.00   
  11  0.53  1.00  1.00   
  12  0.58  1.00  1.00   
  13  0.63  1.00  1.00   
  14  0.68  1.00  1.00   
  15  0.73  0.87  0.68   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
- 
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Table A2-2. (continued) Test 17 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
46.22 1.93  1  0.03  1.00  1.00  2.00  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.00   
  9  0.43  1.00  1.00   
  10  0.48  1.00  1.00   
  11  0.53  1.00  1.00   
  12  0.58  1.00  1.00   
  13  0.63  1.00  1.00   
  14  0.68  1.00  1.00   
  15  0.73  0.95  0.95   
  16  0.78  0.38  0.41   
  17  0.83  0.04  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11
12
13
14
15
16
17
19
20
18
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Table A2-2. (continued) Test 17 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
49.22 2.05  1  0.03  1.00  1.00  2.00  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.00   
  9  0.43  1.00  1.00   
  10  0.48  1.00  1.00   
  11  0.53  1.00  1.00   
  12  0.58  1.00  1.00   
  13  0.63  1.00  1.00   
  14  0.68  1.00  1.00   
  15  0.73  1.00  1.00   
  16  0.78  0.94  1.00   
  17  0.83  0.48  0.51   
  18  0.88  0.02  0.03   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11
12
13
14
15
16
17
19
20
18
 258
Table A2-2. (continued) Test 17 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
53.58 2.23  1  0.03  1.00  1.00  2.00  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.00   
  9  0.43  1.00  1.00   
  10  0.48  1.00  1.00   
  11  0.53  1.00  1.00   
  12  0.58  1.00  1.00   
  13  0.63  1.00  1.00   
  14  0.68  1.00  1.00   
  15  0.73  1.00  1.00   
  16  0.78  1.00  1.00   
  17  0.83  0.92  0.92   
  18  0.88  0.50  0.51   
  19  0.93  0.03  0.05   
  20  0.98  0.00  0.00   
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11
12
13
14
15
16
17
19
20
18
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Table A2-2. (continued) Test 17 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
54.97 2.29  1  0.03  1.00  1.00  2.00  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.00   
  9  0.43  1.00  1.00   
  10  0.48  1.00  1.00   
  11  0.53  1.00  1.00   
  12  0.58  1.00  1.00   
  13  0.63  1.00  1.00   
  14  0.68  1.00  1.00   
  15  0.73  1.00  1.00   
  16  0.78  1.00  1.00   
  17  0.83  1.00  1.00   
  18  0.88  0.75  0.70   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
- 
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Table A2-2. (continued) Test 17 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
58.80 2.45  1  0.03  1.00  1.00  2.00  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.00   
  9  0.43  1.00  1.00   
  10  0.48  1.00  1.00   
  11  0.53  1.00  1.00   
  12  0.58  1.00  1.00   
  13  0.63  1.00  1.00   
  14  0.68  1.00  1.00   
  15  0.73  1.00  1.00   
  16  0.78  1.00  1.00   
  17  0.83  1.00  1.00   
  18  0.88  0.95  0.92   
  19  0.93  0.43  0.46   
  20  0.98  0.02  0.05   
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11
12
13
14
15
16
17
19
20
18
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Table A2-2. (continued) Test 17 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
61.55 2.56  1  0.03  1.00  1.00  2.40  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.00   
  9  0.43  1.00  1.00   
  10  0.48  1.00  1.00   
  11  0.53  1.00  1.00   
  12  0.58  1.00  1.00   
  13  0.63  1.00  1.00   
  14  0.68  1.00  1.00   
  15  0.73  1.00  1.00   
  16  0.78  1.00  1.00   
  17  0.83  1.00  1.00   
  18  0.88  1.00  1.00   
  19  0.93  0.89  0.89   
  20  0.98  0.00  0.00   
- 
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Table A2-2. (continued) Test 17 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
66.97 2.79  1  0.03  1.00  1.00  2.40  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.00   
  9  0.43  1.00  1.00   
  10  0.48  1.00  1.00   
  11  0.53  1.00  1.00   
  12  0.58  1.00  1.00   
  13  0.63  1.00  1.00   
  14  0.68  1.00  1.00   
  15  0.73  1.00  1.00   
  16  0.78  1.00  1.00   
  17  0.83  1.00  1.00   
  18  0.88  1.00  1.00   
  19  0.93  0.96  0.95   
  20  0.98  0.24  0.24   
- 
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Table A2-2. (continued) Test 17 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
68.55 2.86  1  0.03  1.00  1.00  2.40  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.00   
  9  0.43  1.00  1.00   
  10  0.48  1.00  1.00   
  11  0.53  1.00  1.00   
  12  0.58  1.00  1.00   
  13  0.63  1.00  1.00   
  14  0.68  1.00  1.00   
  15  0.73  1.00  1.00   
  16  0.78  1.00  1.00   
  17  0.83  1.00  1.00   
  18  0.88  1.00  1.00   
  19  0.93  1.00  1.00   
  20  0.98  0.77  0.73   
 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11
12
13
14
15
16
17
19
20
18
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Table A2-2. (continued) Test 17 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
70.88 2.95  1  0.03  1.00  1.00  2.40  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.00   
  9  0.43  1.00  1.00   
  10  0.48  1.00  1.00   
  11  0.53  1.00  1.00   
  12  0.58  1.00  1.00   
  13  0.63  1.00  1.00   
  14  0.68  1.00  1.00   
  15  0.73  1.00  1.00   
  16  0.78  1.00  1.00   
  17  0.83  1.00  1.00   
  18  0.88  1.00  1.00   
  19  0.93  1.00  1.00   
  20  0.98  0.85  0.86   
- 
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Table A2-2. (continued) Test 17 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
73.80 3.07  1  0.03  1.00  1.00  2.00  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.00   
  9  0.43  1.00  1.00   
  10  0.48  1.00  1.00   
  11  0.53  1.00  1.00   
  12  0.58  1.00  1.00   
  13  0.63  1.00  1.00   
  14  0.68  1.00  1.00   
  15  0.73  1.00  1.00   
  16  0.78  1.00  1.00   
  17  0.83  1.00  1.00   
  18  0.88  1.00  1.00   
  19  0.93  1.00  1.00   
  20  0.98  0.92  0.92   
 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11
12
13
14
15
16
17
19
20
18
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Table A2-3. Test 18 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
0.27  0.01  1  0.03  0.55  0.56  2.00  
  2  0.08  0.02  0.00   
  3  0.13  0.00  0.00   
  4  0.18  0.00  0.00   
  5  0.23  0.00  0.00   
  6  0.28  0.00  0.00   
  7  0.33  0.00  0.00   
  8  0.38  0.00  0.00   
  9  0.43  0.00  0.00   
  10  0.48  0.00  0.00   
  11  0.53  0.00  0.00   
  12  0.58  0.00  0.00   
  13  0.63  0.00  0.00   
  14  0.68  0.00  0.00   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1
2 
3 
4 
5 
6 
7 
8 
9 
10 
11
12
13
14
15
16
17
19
20
18
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Table A2-3. (continued) Test 18 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
0.52  0.02  1  0.03  0.97  0.99  2.00  
  2  0.08  0.80  0.81   
  3  0.13  0.02  0.00   
  4  0.18  0.00  0.00   
  5  0.23  0.00  0.00   
  6  0.28  0.00  0.00   
  7  0.33  0.00  0.00   
  8  0.38  0.00  0.00   
  9  0.43  0.00  0.00   
  10  0.48  0.00  0.00   
  11  0.53  0.00  0.00   
  12  0.58  0.00  0.00   
  13  0.63  0.00  0.00   
  14  0.68  0.00  0.00   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11
12
13
14
15
16
17
19
20
18
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Table A2-3. (continued) Test 18 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
0.70  0.03  1  0.03  1.00  1.00  2.00  
  2  0.08  0.97  0.99   
  3  0.13  0.88  0.81   
  4  0.18  0.02  0.00   
  5  0.23  0.00  0.00   
  6  0.28  0.00  0.00   
  7  0.33  0.00  0.00   
  8  0.38  0.00  0.00   
  9  0.43  0.00  0.00   
  10  0.48  0.00  0.00   
  11  0.53  0.00  0.00   
  12  0.58  0.00  0.00   
  13  0.63  0.00  0.00   
  14  0.68  0.00  0.00   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1
2
3 
4 
5 
6 
7 
8 
9 
10 
11
12
13
14
15
16
17
19
20
18
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Table A2-3. (continued) Test 18 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
0.88  0.04  1  0.03  1.00  1.00  2.00  
  2  0.08  1.00  1.00   
  3  0.13  0.99  0.94   
  4  0.18  0.68  0.66   
  5  0.23  0.02  0.00   
  6  0.28  0.00  0.00   
  7  0.33  0.00  0.00   
  8  0.38  0.00  0.00   
  9  0.43  0.00  0.00   
  10  0.48  0.00  0.00   
  11  0.53  0.00  0.00   
  12  0.58  0.00  0.00   
  13  0.63  0.00  0.00   
  14  0.68  0.00  0.00   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1
2
3 
4 
5 
6 
7 
8 
9 
10 
11
12
13
14
15
16
17
19
20
18
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Table A2-3. (continued) Test 18 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
1.15  0.05  1  0.03  1.00  1.00  2.00  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  0.99  0.97   
  5  0.23  0.90  0.93   
  6  0.28  0.02  0.03   
  7  0.33  0.00  0.00   
  8  0.38  0.00  0.00   
  9  0.43  0.00  0.00   
  10  0.48  0.00  0.00   
  11  0.53  0.00  0.00   
  12  0.58  0.00  0.00   
  13  0.63  0.00  0.00   
  14  0.68  0.00  0.00   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1
2 
3
4 
5 
6 
7 
8 
9 
10 
11
12
13
14
15
16
17
19
20
18
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Table A2-3. (continued) Test 18 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
1.35  0.06  1  0.03  1.00  1.00  2.00  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  0.97  1.00   
  6  0.28  0.53  0.56   
  7  0.33  0.02  0.00   
  8  0.38  0.00  0.00   
  9  0.43  0.00  0.00   
  10  0.48  0.00  0.00   
  11  0.53  0.00  0.00   
  12  0.58  0.00  0.00   
  13  0.63  0.00  0.00   
  14  0.68  0.00  0.00   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1
2
3
4 
5 
6 
7 
8 
9 
10 
11
12
13
14
15
16
17
19
20
18
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Table A2-3. (continued) Test 18 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
1.62  0.07  1  0.03  1.00  1.00  2.00  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  0.96  0.90   
  7  0.33  0.68  0.68   
  8  0.38  0.02  0.00   
  9  0.43  0.00  0.00   
  10  0.48  0.00  0.00   
  11  0.53  0.00  0.00   
  12  0.58  0.00  0.00   
  13  0.63  0.00  0.00   
  14  0.68  0.00  0.00   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1
2
3
4
5
6 
7 
8 
9 
10
11
12
13
14
15
16
17
19
20
18
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Table A2-3. (continued) Test 18 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
1.93  0.08  1  0.03  1.00  1.00  2.00  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  0.97  0.97   
  8  0.38  0.48  0.52   
  9  0.43  0.02  0.00   
  10  0.48  0.00  0.00   
  11  0.53  0.00  0.00   
  12  0.58  0.00  0.00   
  13  0.63  0.00  0.00   
  14  0.68  0.00  0.00   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1
2
3
4
5
6 
7 
8 
9 
10
12
13
14
15
16
17
19
20
18
11
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Table A2-3. (continued) Test 18 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
2.25  0.09  1  0.03  1.00  1.00  2.00  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  0.99  0.97   
  9  0.43  0.54  0.58   
  10  0.48  0.02  0.00   
  11  0.53  0.00  0.00   
  12  0.58  0.00  0.00   
  13  0.63  0.00  0.00   
  14  0.68  0.00  0.00   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1
2
3
4 
5 
6 
7 
8 
9 
10 
12
13
14
15
16
17
19
20
18
11
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Table A2-3. (continued) Test 18 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
2.72  0.11  1  0.03  1.00  1.00  2.00  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.00   
  9  0.43  1.00  1.00   
  10  0.48  0.55  0.59   
  11  0.53  0.02  0.00   
  12  0.58  0.00  0.00   
  13  0.63  0.00  0.00   
  14  0.68  0.00  0.00   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1
2
3
4
5
6 
7 
8 
9 
10 
12
13
14
15
16
17
19
20
18
11
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Table A2-3. (continued) Test 18 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
3.12  0.13  1  0.03  1.00  1.00  2.40  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.00   
  9  0.43  1.00  1.00   
  10  0.48  1.00  1.02   
  11  0.53  0.68  0.68   
  12  0.58  0.03  0.00   
  13  0.63  0.00  0.00   
  14  0.68  0.00  0.00   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
12
13
14
15
16
17
19
20
18
11
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Table A2-3. (continued) Test 18 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
3.37  0.14  1  0.03  1.00  1.00  2.40  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.00   
  9  0.43  1.00  1.00   
  10  0.48  1.00  1.00   
  11  0.53  0.95  1.00   
  12  0.58  0.77  0.78   
  13  0.63  0.11  0.13   
  14  0.68  0.02  0.00   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
12
13
14
15
16
17
19
20
18
11
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Table A2-3. (continued) Test 18 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
3.88  0.16  1  0.03  1.00  1.00  2.40  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.00   
  9  0.43  1.00  1.00   
  10  0.48  1.00  1.00   
  11  0.53  1.00  1.00   
  12  0.58  1.00  1.00   
  13  0.63  0.99  0.99   
  14  0.68  0.76  0.72   
  15  0.73  0.14  0.17   
  16  0.78  0.02  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
12
13
14
15
16
17
19
20
18
11
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Table A2-3. (continued) Test 18 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
4.35  0.18  1  0.03  1.00  1.00  2.40  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.00   
  9  0.43  1.00  1.00   
  10  0.48  1.00  1.00   
  11  0.53  1.00  1.00   
  12  0.58  1.00  1.00   
  13  0.63  1.00  1.00   
  14  0.68  0.96  1.00   
  15  0.73  0.97  1.02   
  16  0.78  0.48  0.50   
  17  0.83  0.04  0.03   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
12
13
14
15
16
17
19
20
18
11
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Table A2-3. (continued) Test 18 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
4.65  0.19  1  0.03  1.00  1.00  2.40  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.00   
  9  0.43  1.00  1.00   
  10  0.48  1.00  1.00   
  11  0.53  1.00  1.00   
  12  0.58  1.00  1.00   
  13  0.63  1.00  1.00   
  14  0.68  1.00  1.00   
  15  0.73  1.00  1.00   
  16  0.78  0.94  0.90   
  17  0.83  0.60  0.62   
  18  0.88  0.02  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
12
13
14
15
16
17
19
20
18
11
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Table A2-3. (continued) Test 18 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
4.98  0.21  1  0.03  1.00  1.00  2.40  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.00   
  9  0.43  1.00  1.00   
  10  0.48  1.00  1.00   
  11  0.53  1.00  1.00   
  12  0.58  1.00  1.00   
  13  0.63  1.00  1.00   
  14  0.68  1.00  1.00   
  15  0.73  1.00  1.00   
  16  0.78  0.98  0.97   
  17  0.83  0.97  0.90   
  18  0.88  0.42  0.53   
  19  0.93  0.02  0.00   
  20  0.98  0.00  0.00   
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
12
13
14
15
16
17
19
20
18
11
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Table A2-3. (continued) Test 18 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
5.37  0.22  1  0.03  1.00  1.00  2.40  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.00   
  9  0.43  1.00  1.00   
  10  0.48  1.00  1.00   
  11  0.53  1.00  1.00   
  12  0.58  1.00  1.00   
  13  0.63  1.00  1.00   
  14  0.68  1.00  1.00   
  15  0.73  1.00  1.00   
  16  0.78  1.00  1.00   
  17  0.83  1.00  1.00   
  18  0.88  0.96  0.94   
  19  0.93  0.49  0.53   
  20  0.98  0.02  0.00   
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
12
13
14
15
16
17
19
20
18
11
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Table A2-3. (continued) Test 18 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
5.77  0.24  1  0.03  1.00  1.00  2.40  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.00   
  9  0.43  1.00  1.00   
  10  0.48  1.00  1.00   
  11  0.53  1.00  1.00   
  12  0.58  1.00  1.00   
  13  0.63  1.00  11.00   
  14  0.68  1.00  1.00   
  15  0.73  1.00  1.00   
  16  0.78  1.00  1.00   
  17  0.83  1.00  1.00   
  18  0.88  1.00  1.00   
  19  0.93  0.97  0.93   
  20  0.98  0.31  0.39   
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
12
13
14
15
16
17
19
20
18
11
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Table A2-3. (continued) Test 18 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
6.02  0.25  1  0.03  1.00  1.00  2.80  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.00   
  9  0.43  1.00  1.00   
  10  0.48  1.00  1.00   
  11  0.53  1.00  1.00   
  12  0.58  1.00  1.00   
  13  0.63  1.00  1.00   
  14  0.68  1.00  1.00   
  15  0.73  1.00  1.00   
  16  0.78  1.00  1.00   
  17  0.83  1.00  1.00   
  18  0.88  1.00  1.00   
  19  0.93  1.00  1.00   
  20  0.98  0.80  0.75   
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
12
13
14
15
16
17
19
20
18
11
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Table A2-3. (continued) Test 18 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
6.45  0.27  1  0.03  0.97  0.99  2.40  
  2  0.08  0.95  0.99   
  3  0.13  0.99  1.00   
  4  0.18  0.97  1.00   
  5  0.23  0.95  1.00   
  6  0.28  0.99  1.00   
  7  0.33  0.99  1.00   
  8  0.38  0.99  1.00   
  9  0.43  0.96  1.03   
  10  0.48  0.99  1.01   
  11  0.53  0.97  1.01   
  12  0.58  0.97  1.01   
  13  0.63  0.99  0.97   
  14  0.68  0.99  0.99   
  15  0.73  0.97  0.97   
  16  0.78  0.97  0.97   
  17  0.83  0.99  1.00   
  18  0.88  0.97  0.91   
  19  0.93  0.99  0.94   
  20  0.98  0.99  0.97   
 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
12
13
14
15
16
17
19
20
18
11
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Table A2-4. Test 19 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
0.25  0.01  1  0.03  0.91  0.93  2.00  
  2  0.08  0.03  0.03   
  3  0.13  0.00  0.00   
  4  0.18  0.00  0.00   
  5  0.23  0.00  0.00   
  6  0.28  0.00  0.00   
  7  0.33  0.00  0.00   
  8  0.38  0.00  0.00   
  9  0.43  0.00  0.00   
  10  0.48  0.00  0.00   
  11  0.53  0.00  0.00   
  12  0.58  0.00  0.00   
  13  0.63  0.00  0.00   
  14  0.68  0.00  0.00   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1
2 
3 
4 
5 
6 
7 
8 
9 
10
11
12
13
14
15
16
17
19
20
18
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Table A2-4. (continued) Test 19 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
0.65  0.03  1  0.03  1.00  1.03  2.00  
  2  0.08  0.82  0.84   
  3  0.13  0.03  0.03   
  4  0.18  0.00  0.00   
  5  0.23  0.00  0.00   
  6  0.28  0.00  0.00   
  7  0.33  0.00  0.00   
  8  0.38  0.00  0.00   
  9  0.43  0.00  0.00   
  10  0.48  0.00  0.00   
  11  0.53  0.00  0.00   
  12  0.58  0.00  0.00   
  13  0.63  0.00  0.00   
  14  0.68  0.00  0.00   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1
2
3
4 
5 
6 
7 
8 
9 
10 
11
12
13
14
15
16
17
19
20
18
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Table A2-4. (continued) Test 19 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
1.18  0.05  1  0.03  1.00  1.00  2.00  
  2  0.08  0.92  1.04   
  3  0.13  0.93  1.02   
  4  0.18  0.09  0.20   
  5  0.23  0.00  0.00   
  6  0.28  0.00  0.00   
  7  0.33  0.00  0.00   
  8  0.38  0.00  0.00   
  9  0.43  0.00  0.00   
  10  0.48  0.00  0.00   
  11  0.53  0.00  0.00   
  12  0.58  0.00  0.00   
  13  0.63  0.00  0.00   
  14  0.68  0.00  0.00   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1
2 
3 
4 
5 
6 
7 
8 
9 
10
11
12
13
14
15
16
17
19
20
18
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Table A2-4. (continued) Test 19 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
1.53  0.06  1  0.03  1.00  1.00  2.00  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  0.88  1.01   
  5  0.23  0.28  0.43   
  6  0.28  0.00  0.00   
  7  0.33  0.00  0.00   
  8  0.38  0.00  0.00   
  9  0.43  0.00  0.00   
  10  0.48  0.00  0.00   
  11  0.53  0.00  0.00   
  12  0.58  0.00  0.00   
  13  0.63  0.00  0.00   
  14  0.68  0.00  0.00   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1
2 
3 
4 
5 
6 
7 
8 
9 
10 
11
12
13
14
15
16
17
19
20
18
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Table A2-4. (continued) Test 19 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
1.93  0.08  1  0.03  1.00  1.00  2.00  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  0.93  1.01   
  6  0.28  0.06  0.14   
  7  0.33  0.00  0.00   
  8  0.38  0.00  0.00   
  9  0.43  0.00  0.00   
  10  0.48  0.00  0.00   
  11  0.53  0.00  0.00   
  12  0.58  0.00  0.00   
  13  0.63  0.00  0.00   
  14  0.68  0.00  0.00   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1
2
3
4
5
6 
7 
8 
9 
10
11
12
13
14
15
16
17
19
20
18
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Table A2-4. (continued) Test 19 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
2.15  0.09  1  0.03  1.00  1.00  2.00  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  0.88  0.83   
  7  0.33  0.03  0.03   
  8  0.38  0.00  0.00   
  9  0.43  0.00  0.00   
  10  0.48  0.00  0.00   
  11  0.53  0.00  0.00   
  12  0.58  0.00  0.00   
  13  0.63  0.00  0.00   
  14  0.68  0.00  0.00   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1
2
3
4 
5 
6 
7 
8 
9 
10
11
12
13
14
15
16
17
19
20
18
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Table A2-4. (continued) Test 19 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
2.92  0.12  1  0.03  1.00  1.00  2.00  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  0.95  1.03   
  8  0.38  0.18  0.28   
  9  0.43  0.00  0.00   
  10  0.48  0.00  0.00   
  11  0.53  0.00  0.00   
  12  0.58  0.00  0.00   
  13  0.63  0.00  0.00   
  14  0.68  0.00  0.00   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1
2 
3 
4 
5 
6 
7 
8 
9 
10
11
12
13
14
15
16
17
19
20
18
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Table A2-4. (continued) Test 19 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
3.23  0.13  1  0.03  1.00  1.00  2.00  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  0.94  0.92   
  9  0.43  0.05  0.11   
  10  0.48  0.00  0.00   
  11  0.53  0.00  0.00   
  12  0.58  0.00  0.00   
  13  0.63  0.00  0.00   
  14  0.68  0.00  0.00   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1
2
3
4
5
6
7 
8 
9 
10
11
12
13
14
15
16
17
19
20
18
 294
Table A2-4. (continued) Test 19 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
3.60  0.15  1  0.03  1.00  1.00  2.00  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.00   
  9  0.43  0.88  0.86   
  10  0.48  0.02  0.00   
  11  0.53  0.00  0.00   
  12  0.58  0.00  0.00   
  13  0.63  0.00  0.00   
  14  0.68  0.00  0.00   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1
2
3
4 
5 
6 
7 
8 
9 
10 
11
12
13
14
15
16
17
19
20
18
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Table A2-4. (continued) Test 19 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
3.93  0.16  1  0.03  1.00  1.00  2.40  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.00   
  9  0.43  1.00  0.94   
  10  0.48  0.27  0.36   
  11  0.53  0.00  0.00   
  12  0.58  0.00  0.00   
  13  0.63  0.00  0.00   
  14  0.68  0.00  0.00   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1
2
3
4
5
6
7 
8 
9 
10
11
12
13
14
15
16
17
19
20
18
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Table A2-4. (continued) Test 19 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
4.53  0.19  1  0.03  1.00  1.00  2.40  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.00   
  9  0.43  1.00  1.00   
  10  0.48  0.99  0.94   
  11  0.53  0.35  0.36   
  12  0.58  0.02  0.00   
  13  0.63  0.00  0.00   
  14  0.68  0.00  0.00   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11
12
13
14
15
16
17
19
20
18
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Table A2-4. (continued) Test 19 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
5.10  0.21  1  0.03  1.00  1.00  2.40  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.00   
  9  0.43  1.00  1.00   
  10  0.48  1.00  1.00   
  11  0.53  0.98  0.97   
  12  0.58  0.70  0.75   
  13  0.63  0.00  0.00   
  14  0.68  0.00  0.00   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1
2 
3 
4 
5 
6 
7 
8 
9 
10 
11
12
13
14
15
16
17
19
20
18
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Table A2-4. (continued) Test 19 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
5.57  0.23  1  0.03  1.00  1.00  2.40  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.00   
  9  0.43  1.00  1.00   
  10  0.48  1.00  1.00   
  11  0.53  1.00  1.00   
  12  0.58  0.90  0.94   
  13  0.63  0.74  0.75   
  14  0.68  0.00  0.00   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1
2 
3 
4 
5 
6 
7 
8 
9 
10 
11
12
13
14
15
16
17
19
20
18
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Table A2-4. (continued) Test 19 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
5.95  0.25  1  0.03  1.00  1.00  2.40  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.00   
  9  0.43  1.00  1.00   
  10  0.48  1.00  1.00   
  11  0.53  1.00  1.00   
  12  0.58  1.00  1.00   
  13  0.63  0.98  0.94   
  14  0.68  0.45  0.53   
  15  0.73  0.00  0.00   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11
12
13
14
15
16
17
19
20
18
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Table A2-4. (continued) Test 19 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
6.38  0.27  1  0.03  1.00  1.00  2.40  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.00   
  9  0.43  1.00  1.00   
  10  0.48  1.00  1.00   
  11  0.53  1.00  1.00   
  12  0.58  1.00  1.00   
  13  0.63  1.00  1.00   
  14  0.68  0.94  0.89   
  15  0.73  0.47  0.53   
  16  0.78  0.00  0.00   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1
2
3
4 
5 
6 
7 
8 
9 
10 
11
12
13
14
15
16
17
19
20
18
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Table A2-4. (continued) Test 19 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
7.08  0.30  1  0.03  1.00  1.00  2.40  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.00   
  9  0.43  1.00  1.00   
  10  0.48  1.00  1.00   
  11  0.53  1.00  1.00   
  12  0.58  1.00  1.00   
  13  0.63  1.00  1.00   
  14  0.68  1.00  1.00   
  15  0.73  0.96  0.94   
  16  0.78  0.36  0.44   
  17  0.83  0.00  0.00   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1
2 
3 
4 
5 
6 
7 
8 
9 
11
12
13
14
15
16
17
19
20
18
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Table A2-4. (continued) Test 19 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
7.77  0.32  1  0.03  1.00  1.00  2.40  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.00   
  9  0.43  1.00  1.00   
  10  0.48  1.00  1.00   
  11  0.53  1.00  1.00   
  12  0.58  1.00  1.00   
  13  0.63  1.00  1.00   
  14  0.68  1.00  1.00   
  15  0.73  1.00  1.00   
  16  0.78  0.93  0.97   
  17  0.83  0.50  0.58   
  18  0.88  0.00  0.00   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11
12
13
14
15
16
17
19
20
18
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Table A2-4. (continued) Test 19 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
8.78  0.37  1  0.03  1.00  1.00  2.40  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.00   
  9  0.43  1.00  1.00   
  10  0.48  1.00  1.00   
  11  0.53  1.00  1.00   
  12  0.58  1.00  1.00   
  13  0.63  1.00  1.00   
  14  0.68  1.00  1.00   
  15  0.73  1.00  1.00   
  16  0.78  1.00  1.00   
  17  0.83  0.99  1.03   
  18  0.88  0.51  0.53   
  19  0.93  0.00  0.00   
  20  0.98  0.00  0.00   
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11
12
13
14
15
16
17
19
20
18
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Table A2-4. (continued) Test 19 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
9.53  0.40  1  0.03  1.00  1.00  2.80  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.00   
  9  0.43  1.00  1.00   
  10  0.48  1.00  1.00   
  11  0.53  1.00  1.00   
  12  0.58  1.00  1.00   
  13  0.63  1.00  1.00   
  14  0.68  1.00  1.00   
  15  0.73  1.00  1.00   
  16  0.78  1.00  1.00   
  17  0.83  1.00  1.00   
  18  0.88  0.94  0.92   
  19  0.93  0.24  0.28   
  20  0.98  0.00  0.00   
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11
12
13
14
15
16
17
19
20
18
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Table A2-4. (continued) Test 19 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
10.97 0.46  1  0.03  1.00  1.00  2.80  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.00   
  9  0.43  1.00  1.00   
  10  0.48  1.00  1.00   
  11  0.53  1.00  1.00   
  12  0.58  1.00  1.00   
  13  0.63  1.00  1.00   
  14  0.68  1.00  1.00   
  15  0.73  1.00  1.00   
  16  0.78  1.00  1.00   
  17  0.83  1.00  1.00   
  18  0.88  1.00  1.00   
  19  0.93  0.96  0.92   
  20  0.98  0.16  0.22   
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11
12
13
14
15
16
17
19
20
18
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Table A2-4. (continued) Test 19 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
11.65  0.49  1  0.03  1.00  1.00  2.80  
  2  0.08  1.00  1.00   
  3  0.13  1.00  1.00   
  4  0.18  1.00  1.00   
  5  0.23  1.00  1.00   
  6  0.28  1.00  1.00   
  7  0.33  1.00  1.00   
  8  0.38  1.00  1.00   
  9  0.43  1.00  1.00   
  10  0.48  1.00  1.00   
  11  0.53  1.00  1.00   
  12  0.58  1.00  1.00   
  13  0.63  1.00  1.00   
  14  0.68  1.00  1.00   
  15  0.73  1.00  1.00   
  16  0.78  1.00  1.00   
  17  0.83  1.00  1.00   
  18  0.88  1.00  1.00   
  19  0.93  1.00  1.00   
  20  0.98  0.73  0.69   
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11
12
13
14
15
16
17
19
20
18
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Table A2-4. (continued) Test 19 data and results 
 
Time Distance Viscosity Picture 
(hr) (days) 
Port 
Number (dimensionless)
Normalized 
Cl- Conc. 
Normalized 
CS Conc. (cP)  
12.87 0.54  1  0.03  0.99  1.00  2.80  
  2  0.08  0.98  0.94   
  3  0.13  0.99  0.94   
  4  0.18  0.96  1.00   
  5  0.23  0.98  1.00   
  6  0.28  0.97  0.97   
  7  0.33  0.99  0.97   
  8  0.38  0.97  1.00   
  9  0.43  0.98  0.94   
  10  0.48  0.98  0.97   
  11  0.53  0.99  0.94   
  12  0.58  0.99  1.03   
  13  0.63  0.99  1.06   
  14  0.68  0.98  1.00   
  15  0.73  0.99  1.03   
  16  0.78  0.98  1.03   
  17  0.83  0.98  1.00   
  18  0.88  0.97  1.03   
  19  0.93  0.99  0.97   
  20  0.98  0.95  0.92   
 
1 
2 
3 
4 
5 
6 
7 
8 
9 
11
12
13
14
15
16
17
19
20
18
10 
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Table A2-5. Test 20 data and results 
 
Time Dist.1 Visc.3 Picture 
(hr) 
Port 
#  
Cl- 
Conc.2 
CS 
Conc.2 (cP)  
0.22  1  0.02  0.86  0.85 1.60 
 2  0.05  0.02  0.00  
 3  0.08  0.00  0.00  
 4  0.12  0.00  0.00  
 5  0.15  0.00  0.00  
 6  0.18  0.00  0.00  
 7  0.22  0.00  0.00  
 8  0.25  0.00  0.00  
 9  0.28  0.00  0.00  
 10  0.32  0.00  0.00  
 11  0.35  0.00  0.00  
 12  0.38  0.00  0.00  
 13  0.42  0.00  0.00  
 14  0.45  0.00  0.00  
 15  0.48  0.00  0.00  
 16  0.52  0.00  0.00  
 17  0.55  0.00  0.00  
 18  0.58  0.00  0.00  
 19  0.62  0.00  0.00  
 20  0.65  0.00  0.00  
 21  0.68  0.00  0.00  
 22  0.72  0.00  0.00  
 23  0.75  0.00  0.00  
 24  0.78  0.00  0.00  
 25  0.82  0.00  0.00  
 26  0.85  0.00  0.00  
 27  0.88  0.00  0.00  
 28  0.92  0.00  0.00  
 29  0.95  0.00  0.00  
 30  0.98  0.00  0.00  
1 Dimensionless distance normalized by total length of column 
2 Normalized concentration 
3 Viscosity
1
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12
13 
14
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25
26
27
28
29
30
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Table A2-5. (continued) Test 20 data and results 
 
Time Dist.1 Visc.3 Picture 
(hr) 
Port 
#  
Cl- 
Conc.2 
CS 
Conc.2 (cP)  
0.80  1  0.02  1.00  1.00 1.60 
 2  0.05  0.92  0.92  
 3  0.08  0.02  0.03  
 4  0.12  0.00  0.00  
 5  0.15  0.00  0.00  
 6  0.18  0.00  0.00  
 7  0.22  0.00  0.00  
 8  0.25  0.00  0.00  
 9  0.28  0.00  0.00  
 10  0.32  0.00  0.00  
 11  0.35  0.00  0.00  
 12  0.38  0.00  0.00  
 13  0.42  0.00  0.00  
 14  0.45  0.00  0.00  
 15  0.48  0.00  0.00  
 16  0.52  0.00  0.00  
 17  0.55  0.00  0.00  
 18  0.58  0.00  0.00  
 19  0.62  0.00  0.00  
 20  0.65  0.00  0.00  
 21  0.68  0.00  0.00  
 22  0.72  0.00  0.00  
 23  0.75  0.00  0.00  
 24  0.78  0.00  0.00  
 25  0.82  0.00  0.00  
 26  0.85  0.00  0.00  
 27  0.88  0.00  0.00  
 28  0.92  0.00  0.00  
 29  0.95  0.00  0.00  
 30  0.98  0.00  0.00  
1 Dimensionless distance normalized by total length of column 
2 Normalized concentration 
3 Viscosity
1
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
 
26
27
28
29
30
 25
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Table A2-5. (continued) Test 20 data and results 
 
Time Dist.1 Visc.3 Picture 
(hr) 
Port 
#  
Cl- 
Conc.2 
CS 
Conc.2 (cP)  
1.43  1  0.02  1.00  1.00 1.60 
 2  0.05  0.98  0.95  
 3  0.08  0.02  0.00  
 4  0.12  0.00  0.00  
 5  0.15  0.00  0.00  
 6  0.18  0.00  0.00  
 7  0.22  0.00  0.00  
 8  0.25  0.00  0.00  
 9  0.28  0.00  0.00  
 10  0.32  0.00  0.00  
 11  0.35  0.00  0.00  
 12  0.38  0.00  0.00  
 13  0.42  0.00  0.00  
 14  0.45  0.00  0.00  
 15  0.48  0.00  0.00  
 16  0.52  0.00  0.00  
 17  0.55  0.00  0.00  
 18  0.58  0.00  0.00  
 19  0.62  0.00  0.00  
 20  0.65  0.00  0.00  
 21  0.68  0.00  0.00  
 22  0.72  0.00  0.00  
 23  0.75  0.00  0.00  
 24  0.78  0.00  0.00  
 25  0.82  0.00  0.00  
 26  0.85  0.00  0.00  
 27  0.88  0.00  0.00  
 28  0.92  0.00  0.00  
 29  0.95  0.00  0.00  
 30  0.98  0.00  0.00  
-- 
1 Dimensionless distance normalized by total length of column 
2 Normalized concentration 
3 Viscosity
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Table A2-5. (continued) Test 20 data and results 
 
Time Dist.1 Visc.3 Picture 
(hr) 
Port 
#  
Cl- 
Conc.2 
CS 
Conc.2 (cP)  
1.93  1  0.02  1.00  1.00 1.60 
 2  0.05  1.00  1.00  
 3  0.08  0.24  0.29  
 4  0.12  0.02  0.00  
 5  0.15  0.00  0.00  
 6  0.18  0.00  0.00  
 7  0.22  0.00  0.00  
 8  0.25  0.00  0.00  
 9  0.28  0.00  0.00  
 10  0.32  0.00  0.00  
 11  0.35  0.00  0.00  
 12  0.38  0.00  0.00  
 13  0.42  0.00  0.00  
 14  0.45  0.00  0.00  
 15  0.48  0.00  0.00  
 16  0.52  0.00  0.00  
 17  0.55  0.00  0.00  
 18  0.58  0.00  0.00  
 19  0.62  0.00  0.00  
 20  0.65  0.00  0.00  
 21  0.68  0.00  0.00  
 22  0.72  0.00  0.00  
 23  0.75  0.00  0.00  
 24  0.78  0.00  0.00  
 25  0.82  0.00  0.00  
 26  0.85  0.00  0.00  
 27  0.88  0.00  0.00  
 28  0.92  0.00  0.00  
 29  0.95  0.00  0.00  
 30  0.98  0.00  0.00  
1 Dimensionless distance normalized by total length of column 
2 Normalized concentration 
3 Viscosity
1
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
26
27
28
29
30
25
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Table A2-5. (continued) Test 20 data and results 
 
Time Dist.1 Visc.3 Picture 
(hr) 
Port 
#  
Cl- 
Conc.2 
CS 
Conc.2 (cP)  
2.05  1  0.02  1.00  1.00 1.60 
 2  0.05  1.00  1.00  
 3  0.08  1.00  1.00  
 4  0.12  1.00  0.92  
 5  0.15  0.00  0.00  
 6  0.18  0.00  0.00  
 7  0.22  0.00  0.00  
 8  0.25  0.00  0.00  
 9  0.28  0.00  0.00  
 10  0.32  0.00  0.00  
 11  0.35  0.00  0.00  
 12  0.38  0.00  0.00  
 13  0.42  0.00  0.00  
 14  0.45  0.00  0.00  
 15  0.48  0.00  0.00  
 16  0.52  0.00  0.00  
 17  0.55  0.00  0.00  
 18  0.58  0.00  0.00  
 19  0.62  0.00  0.00  
 20  0.65  0.00  0.00  
 21  0.68  0.00  0.00  
 22  0.72  0.00  0.00  
 23  0.75  0.00  0.00  
 24  0.78  0.00  0.00  
 25  0.82  0.00  0.00  
 26  0.85  0.00  0.00  
 27  0.88  0.00  0.00  
 28  0.92  0.00  0.00  
 29  0.95  0.00  0.00  
 30  0.98  0.00  0.00  
1 Dimensionless distance normalized by total length of column 
2 Normalized concentration 
3 Viscosity
1
2 
3 
4 
5 
6 
7 
8 
9 
10
11
12
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
26
27
28
29
30
25
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Table A2-5. (continued) Test 20 data and results 
 
Time Dist.1 Visc.3 Picture 
(hr) 
Port 
#  
Cl- 
Conc.2 
CS 
Conc.2 (cP)  
2.65  1  0.02  1.00  1.00 1.60 
 2  0.05  1.00  1.00  
 3  0.08  1.00  1.00  
 4  0.12  1.00  1.00  
 5  0.15  0.64  0.61  
 6  0.18  0.02  0.03  
 7  0.22  0.00  0.00  
 8  0.25  0.00  0.00  
 9  0.28  0.00  0.00  
 10  0.32  0.00  0.00  
 11  0.35  0.00  0.00  
 12  0.38  0.00  0.00  
 13  0.42  0.00  0.00  
 14  0.45  0.00  0.00  
 15  0.48  0.00  0.00  
 16  0.52  0.00  0.00  
 17  0.55  0.00  0.00  
 18  0.58  0.00  0.00  
 19  0.62  0.00  0.00  
 20  0.65  0.00  0.00  
 21  0.68  0.00  0.00  
 22  0.72  0.00  0.00  
 23  0.75  0.00  0.00  
 24  0.78  0.00  0.00  
 25  0.82  0.00  0.00  
 26  0.85  0.00  0.00  
 27  0.88  0.00  0.00  
 28  0.92  0.00  0.00  
 29  0.95  0.00  0.00  
 30  0.98  0.00  0.00  
1 Dimensionless distance normalized by total length of column 
2 Normalized concentration 
3 Viscosity
1
2 
3 
4 
5 
6 
7 
8 
9 
10
11
12
13
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
26
27
28
29
30
25
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Table A2-5. (continued) Test 20 data and results 
 
Time Dist.1 Visc.3 Picture 
(hr) 
Port 
#  
Cl- 
Conc.2 
CS 
Conc.2 (cP)  
2.85  1  0.02  1.00  1.00 1.60 
 2  0.05  1.00  1.00  
 3  0.08  1.00  1.00  
 4  0.12  1.00  1.00  
 5  0.15  0.93  0.98  
 6  0.18  0.00  0.00  
 7  0.22  0.00  0.00  
 8  0.25  0.00  0.00  
 9  0.28  0.00  0.00  
 10  0.32  0.00  0.00  
 11  0.35  0.00  0.00  
 12  0.38  0.00  0.00  
 13  0.42  0.00  0.00  
 14  0.45  0.00  0.00  
 15  0.48  0.00  0.00  
 16  0.52  0.00  0.00  
 17  0.55  0.00  0.00  
 18  0.58  0.00  0.00  
 19  0.62  0.00  0.00  
 20  0.65  0.00  0.00  
 21  0.68  0.00  0.00  
 22  0.72  0.00  0.00  
 23  0.75  0.00  0.00  
 24  0.78  0.00  0.00  
 25  0.82  0.00  0.00  
 26  0.85  0.00  0.00  
 27  0.88  0.00  0.00  
 28  0.92  0.00  0.00  
 29  0.95  0.00  0.00  
 30  0.98  0.00  0.00  
1 Dimensionless distance normalized by total length of column 
2 Normalized concentration 
3 Viscosity
1
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
26
27
28
29
30
25
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Table A2-5. (continued) Test 20 data and results 
 
Time Dist.1 Visc.3 Picture 
(hr) 
Port 
#  
Cl- 
Conc.2 
CS 
Conc.2 (cP)  
3.27  1  0.02  1.00  1.00 1.60 
 2  0.05  1.00  1.00  
 3  0.08  1.00  1.00  
 4  0.12  1.00  1.00  
 5  0.15  1.00  1.00  
 6  0.18  0.37  0.38  
 7  0.22  0.02  0.03  
 8  0.25  0.00  0.00  
 9  0.28  0.00  0.00  
 10  0.32  0.00  0.00  
 11  0.35  0.00  0.00  
 12  0.38  0.00  0.00  
 13  0.42  0.00  0.00  
 14  0.45  0.00  0.00  
 15  0.48  0.00  0.00  
 16  0.52  0.00  0.00  
 17  0.55  0.00  0.00  
 18  0.58  0.00  0.00  
 19  0.62  0.00  0.00  
 20  0.65  0.00  0.00  
 21  0.68  0.00  0.00  
 22  0.72  0.00  0.00  
 23  0.75  0.00  0.00  
 24  0.78  0.00  0.00  
 25  0.82  0.00  0.00  
 26  0.85  0.00  0.00  
 27  0.88  0.00  0.00  
 28  0.92  0.00  0.00  
 29  0.95  0.00  0.00  
 30  0.98  0.00  0.00  
1 Dimensionless distance normalized by total length of column 
2 Normalized concentration 
3 Viscosity
1
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
26
27
28
29
30
25
 316
Table A2-5. (continued) Test 20 data and results 
 
Time Dist.1 Visc.3 Picture 
(hr) 
Port 
#  
Cl- 
Conc.2 
CS 
Conc.2 (cP)  
3.43  1  0.02  1.00  1.00 1.60 
 2  0.05  1.00  1.00  
 3  0.08  1.00  1.00  
 4  0.12  1.00  1.00  
 5  0.15  1.00  1.00  
 6  0.18  0.83  0.82  
 7  0.22  0.00  0.00  
 8  0.25  0.00  0.00  
 9  0.28  0.00  0.00  
 10  0.32  0.00  0.00  
 11  0.35  0.00  0.00  
 12  0.38  0.00  0.00  
 13  0.42  0.00  0.00  
 14  0.45  0.00  0.00  
 15  0.48  0.00  0.00  
 16  0.52  0.00  0.00  
 17  0.55  0.00  0.00  
 18  0.58  0.00  0.00  
 19  0.62  0.00  0.00  
 20  0.65  0.00  0.00  
 21  0.68  0.00  0.00  
 22  0.72  0.00  0.00  
 23  0.75  0.00  0.00  
 24  0.78  0.00  0.00  
 25  0.82  0.00  0.00  
 26  0.85  0.00  0.00  
 27  0.88  0.00  0.00  
 28  0.92  0.00  0.00  
 29  0.95  0.00  0.00  
 30  0.98  0.00  0.00  
1 Dimensionless distance normalized by total length of column 
2 Normalized concentration 
3 Viscosity
1
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
 
27
28
29
30
25
26
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Table A2-5. (continued) Test 20 data and results 
 
Time Dist.1 Visc.3 Picture 
(hr) 
Port 
#  
Cl- 
Conc.2 
CS 
Conc.2 (cP)  
4.18  1  0.02  1.00  1.00 2.00 
 2  0.05  1.00  1.00  
 3  0.08  1.00  1.00  
 4  0.12  1.00  1.00  
 5  0.15  1.00  1.00  
 6  0.18  0.99  1.00  
 7  0.22  0.66  0.64  
 8  0.25  0.01  0.00  
 9  0.28  0.00  0.00  
 10  0.32  0.00  0.00  
 11  0.35  0.00  0.00  
 12  0.38  0.00  0.00  
 13  0.42  0.00  0.00  
 14  0.45  0.00  0.00  
 15  0.48  0.00  0.00  
 16  0.52  0.00  0.00  
 17  0.55  0.00  0.00  
 18  0.58  0.00  0.00  
 19  0.62  0.00  0.00  
 20  0.65  0.00  0.00  
 21  0.68  0.00  0.00  
 22  0.72  0.00  0.00  
 23  0.75  0.00  0.00  
 24  0.78  0.00  0.00  
 25  0.82  0.00  0.00  
 26  0.85  0.00  0.00  
 27  0.88  0.00  0.00  
 28  0.92  0.00  0.00  
 29  0.95  0.00  0.00  
 30  0.98  0.00  0.00  
1 Dimensionless distance normalized by total length of column 
2 Normalized concentration 
3 Viscosity 
1
2 
3 
4 
5 
7 
8 
6 
9 
10 
11
12
13 
14
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25
26
27
28
29
30
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Table A2-5. (continued) Test 20 data and results 
 
Time Dist.1 Visc.3 Picture 
(hr) 
Port 
#  
Cl- 
Conc.2 
CS 
Conc.2 (cP)  
4.77  1  0.02  1.00  1.00 2.00 
 2  0.05  1.00  1.00  
 3  0.08  1.00  1.00  
 4  0.12  1.00  1.00  
 5  0.15  1.00  1.00  
 6  0.18  1.00  1.00  
 7  0.22  0.98  0.97  
 8  0.25  0.52  0.54  
 9  0.28  0.02  0.00  
 10  0.32  0.00  0.00  
 11  0.35  0.00  0.00  
 12  0.38  0.00  0.00  
 13  0.42  0.00  0.00  
 14  0.45  0.00  0.00  
 15  0.48  0.00  0.00  
 16  0.52  0.00  0.00  
 17  0.55  0.00  0.00  
 18  0.58  0.00  0.00  
 19  0.62  0.00  0.00  
 20  0.65  0.00  0.00  
 21  0.68  0.00  0.00  
 22  0.72  0.00  0.00  
 23  0.75  0.00  0.00  
 24  0.78  0.00  0.00  
 25  0.82  0.00  0.00  
 26  0.85  0.00  0.00  
 27  0.88  0.00  0.00  
 28  0.92  0.00  0.00  
 29  0.95  0.00  0.00  
 30  0.98  0.00  0.00  
1 Dimensionless distance normalized by total length of column 
2 Normalized concentration 
3 Viscosity
1
2 
3 
4 
5 
7 
8 
6 
9 
10 
11
12
13 
14
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25
26
27
28
29
30
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Table A2-5. (continued) Test 20 data and results 
 
Time Dist.1 Visc.3 Picture 
(hr) 
Port 
#  
Cl- 
Conc.2 
CS 
Conc.2 (cP)  
5.35  1  0.02  1.00  1.00 2.00 
 2  0.05  1.00  1.00  
 3  0.08  1.00  1.00  
 4  0.12  1.00  1.00  
 5  0.15  1.00  1.00  
 6  0.18  1.00  1.00  
 7  0.22  1.00  1.00  
 8  0.25  0.99  1.01  
 9  0.28  0.60  0.60  
 10  0.32  0.02  0.00  
 11  0.35  0.00  0.00  
 12  0.38  0.00  0.00  
 13  0.42  0.00  0.00  
 14  0.45  0.00  0.00  
 15  0.48  0.00  0.00  
 16  0.52  0.00  0.00  
 17  0.55  0.00  0.00  
 18  0.58  0.00  0.00  
 19  0.62  0.00  0.00  
 20  0.65  0.00  0.00  
 21  0.68  0.00  0.00  
 22  0.72  0.00  0.00  
 23  0.75  0.00  0.00  
 24  0.78  0.00  0.00  
 25  0.82  0.00  0.00  
 26  0.85  0.00  0.00  
 27  0.88  0.00  0.00  
 28  0.92  0.00  0.00  
 29  0.95  0.00  0.00  
 30  0.98  0.00  0.00  
1 Dimensionless distance normalized by total length of column 
2 Normalized concentration 
3 Viscosity
1
2 
3 
4 
5 
7 
8 
6 
9 
10 
11
12
13 
14
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25
26
27
28
29
30
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Table A2-5. (continued) Test 20 data and results 
 
Time Dist.1 Visc.3 Picture 
(hr) 
Port 
#  
Cl- 
Conc.2 
CS 
Conc.2 (cP)  
5.93  1  0.02  1.00  1.00 2.40 
 2  0.05  1.00  1.00  
 3  0.08  1.00  1.00  
 4  0.12  1.00  1.00  
 5  0.15  1.00  1.00  
 6  0.18  1.00  1.00  
 7  0.22  1.00  1.00  
 8  0.25  1.00  1.00  
 9  0.28  0.98  0.91  
 10  0.32  0.66  0.61  
 11  0.35  0.02  0.03  
 12  0.38  0.00  0.00  
 13  0.42  0.00  0.00  
 14  0.45  0.00  0.00  
 15  0.48  0.00  0.00  
 16  0.52  0.00  0.00  
 17  0.55  0.00  0.00  
 18  0.58  0.00  0.00  
 19  0.62  0.00  0.00  
 20  0.65  0.00  0.00  
 21  0.68  0.00  0.00  
 22  0.72  0.00  0.00  
 23  0.75  0.00  0.00  
 24  0.78  0.00  0.00  
 25  0.82  0.00  0.00  
 26  0.85  0.00  0.00  
 27  0.88  0.00  0.00  
 28  0.92  0.00  0.00  
 29  0.95  0.00  0.00  
 30  0.98  0.00  0.00  
1 Dimensionless distance normalized by total length of column 
2 Normalized concentration 
3 Viscosity
1
2 
3 
4 
5 
7 
8 
6 
9 
10 
11
12
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25
26
27
28
29
30
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Table A2-5. (continued) Test 20 data and results 
 
Time Dist.1 Visc.3 Picture 
(hr) 
Port 
#  
Cl- 
Conc.2 
CS 
Conc.2 (cP)  
6.52  1  0.02  1.00  1.00 2.40 
 2  0.05  1.00  1.00  
 3  0.08  1.00  1.00  
 4  0.12  1.00  1.00  
 5  0.15  1.00  1.00  
 6  0.18  1.00  1.00  
 7  0.22  1.00  1.00  
 8  0.25  1.00  1.00  
 9  0.28  1.00  1.00  
 10  0.32  1.00  0.97  
 11  0.35  0.47  0.48  
 12  0.38  0.02  0.00  
 13  0.42  0.00  0.00  
 14  0.45  0.00  0.00  
 15  0.48  0.00  0.00  
 16  0.52  0.00  0.00  
 17  0.55  0.00  0.00  
 18  0.58  0.00  0.00  
 19  0.62  0.00  0.00  
 20  0.65  0.00  0.00  
 21  0.68  0.00  0.00  
 22  0.72  0.00  0.00  
 23  0.75  0.00  0.00  
 24  0.78  0.00  0.00  
 25  0.82  0.00  0.00  
 26  0.85  0.00  0.00  
 27  0.88  0.00  0.00  
 28  0.92  0.00  0.00  
 29  0.95  0.00  0.00  
 30  0.98  0.00  0.00  
1 Dimensionless distance normalized by total length of column 
2 Normalized concentration 
3 Viscosity
1
2 
3 
4 
5 
7 
8 
6 
9 
10 
11
12
13 
14
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25
26
27
28
29
30
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Table A2-5. (continued) Test 20 data and results 
 
Time Dist.1 Visc.3 Picture 
(hr) 
Port 
#  
Cl- 
Conc.2 
CS 
Conc.2 (cP)  
7.18  1  0.02  1.00  1.00 2.40 
 2  0.05  1.00  1.00  
 3  0.08  1.00  1.00  
 4  0.12  1.00  1.00  
 5  0.15  1.00  1.00  
 6  0.18  1.00  1.00  
 7  0.22  1.00  1.00  
 8  0.25  1.00  1.00  
 9  0.28  1.00  1.00  
 10  0.32  1.00  1.00  
 11  0.35  0.96  0.95  
 12  0.38  0.19  0.19  
 13  0.42  0.02  0.00  
 14  0.45  0.00  0.00  
 15  0.48  0.00  0.00  
 16  0.52  0.00  0.00  
 17  0.55  0.00  0.00  
 18  0.58  0.00  0.00  
 19  0.62  0.00  0.00  
 20  0.65  0.00  0.00  
 21  0.68  0.00  0.00  
 22  0.72  0.00  0.00  
 23  0.75  0.00  0.00  
 24  0.78  0.00  0.00  
 25  0.82  0.00  0.00  
 26  0.85  0.00  0.00  
 27  0.88  0.00  0.00  
 28  0.92  0.00  0.00  
 29  0.95  0.00  0.00  
 30  0.98  0.00  0.00  
1 Dimensionless distance normalized by total length of column 
2 Normalized concentration 
3 Viscosity
1
2 
3 
4 
5 
7 
8 
6 
9 
10 
11
12
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25
26
27
28
29
30
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Table A2-5. (continued) Test 20 data and results 
 
Time Dist.1 Visc.3 Picture 
(hr) 
Port 
#  
Cl- 
Conc.2 
CS 
Conc.2 (cP)  
7.52  1  0.02  1.00  1.00 2.40 
 2  0.05  1.00  1.00  
 3  0.08  1.00  1.00  
 4  0.12  1.00  1.00  
 5  0.15  1.00  1.00  
 6  0.18  1.00  1.00  
 7  0.22  1.00  1.00  
 8  0.25  1.00  1.00  
 9  0.28  1.00  1.00  
 10  0.32  1.00  1.00  
 11  0.35  1.00  1.00  
 12  0.38  0.87  0.85  
 13  0.42  0.00  0.00  
 14  0.45  0.00  0.00  
 15  0.48  0.00  0.00  
 16  0.52  0.00  0.00  
 17  0.55  0.00  0.00  
 18  0.58  0.00  0.00  
 19  0.62  0.00  0.00  
 20  0.65  0.00  0.00  
 21  0.68  0.00  0.00  
 22  0.72  0.00  0.00  
 23  0.75  0.00  0.00  
 24  0.78  0.00  0.00  
 25  0.82  0.00  0.00  
 26  0.85  0.00  0.00  
 27  0.88  0.00  0.00  
 28  0.92  0.00  0.00  
 29  0.95  0.00  0.00  
 30  0.98  0.00  0.00  
1 Dimensionless distance normalized by total length of column 
2 Normalized concentration 
3 Viscosity
1
2 
3 
4 
5 
7 
8 
6 
9 
10 
11
12
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25
26
27
28
30
29
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Table A2-5. (continued) Test 20 data and results 
 
Time Dist.1 Visc.3 Picture 
(hr) 
Port 
#  
Cl- 
Conc.2 
CS 
Conc.2 (cP)  
8.18  1  0.02  1.00  1.00 2.40 
 2  0.05  1.00  1.00  
 3  0.08  1.00  1.00  
 4  0.12  1.00  1.00  
 5  0.15  1.00  1.00  
 6  0.18  1.00  1.00  
 7  0.22  1.00  1.00  
 8  0.25  1.00  1.00  
 9  0.28  1.00  1.00  
 10  0.32  1.00  1.00  
 11  0.35  1.00  1.00  
 12  0.38  0.97  0.97  
 13  0.42  0.67  0.67  
 14  0.45  0.02  0.07  
 15  0.48  0.00  0.00  
 16  0.52  0.00  0.00  
 17  0.55  0.00  0.00  
 18  0.58  0.00  0.00  
 19  0.62  0.00  0.00  
 20  0.65  0.00  0.00  
 21  0.68  0.00  0.00  
 22  0.72  0.00  0.00  
 23  0.75  0.00  0.00  
 24  0.78  0.00  0.00  
 25  0.82  0.00  0.00  
 26  0.85  0.00  0.00  
 27  0.88  0.00  0.00  
 28  0.92  0.00  0.00  
 29  0.95  0.00  0.00  
 30  0.98  0.00  0.00  
1 Dimensionless distance normalized by total length of column 
2 Normalized concentration 
3 Viscosity
1
2 
3 
4 
5 
7 
8 
6 
9 
10 
11
12
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25
26
27
28
30
29
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Table A2-5. (continued) Test 20 data and results 
 
Time Dist.1 Visc.3 Picture 
(hr) 
Port 
#  
Cl- 
Conc.2 
CS 
Conc.2 (cP)  
8.80  1  0.02  1.00  1.00 2.40 
 2  0.05  1.00  1.00  
 3  0.08  1.00  1.00  
 4  0.12  1.00  1.00  
 5  0.15  1.00  1.00  
 6  0.18  1.00  1.00  
 7  0.22  1.00  1.00  
 8  0.25  1.00  1.00  
 9  0.28  1.00  1.00  
 10  0.32  1.00  1.00  
 11  0.35  1.00  1.00  
 12  0.38  1.00  1.00  
 13  0.42  0.99  0.94  
 14  0.45  0.54  0.54  
 15  0.48  0.02  0.02  
 16  0.52  0.00  0.00  
 17  0.55  0.00  0.00  
 18  0.58  0.00  0.00  
 19  0.62  0.00  0.00  
 20  0.65  0.00  0.00  
 21  0.68  0.00  0.00  
 22  0.72  0.00  0.00  
 23  0.75  0.00  0.00  
 24  0.78  0.00  0.00  
 25  0.82  0.00  0.00  
 26  0.85  0.00  0.00  
 27  0.88  0.00  0.00  
 28  0.92  0.00  0.00  
 29  0.95  0.00  0.00  
 30  0.98  0.00  0.00  
1 Dimensionless distance normalized by total length of column 
2 Normalized concentration 
3 Viscosity
1
2 
3 
4 
5 
7 
8 
6 
9 
10 
11
12
13 
14
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25
26
27
28
29
30
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Table A2-5. (continued) Test 20 data and results 
 
Time Dist.1 Visc.3 Picture 
(hr) 
Port 
#  
Cl- 
Conc.2 
CS 
Conc.2 (cP)  
9.43  1  0.02  1.00  1.00 2.40 
 2  0.05  1.00  1.00  
 3  0.08  1.00  1.00  
 4  0.12  1.00  1.00  
 5  0.15  1.00  1.00  
 6  0.18  1.00  1.00  
 7  0.22  1.00  1.00  
 8  0.25  1.00  1.00  
 9  0.28  1.00  1.00  
 10  0.32  1.00  1.00  
 11  0.35  1.00  1.00  
 12  0.38  1.00  1.00  
 13  0.42  1.00  1.00  
 14  0.45  0.97  0.97  
 15  0.48  0.44  0.46  
 16  0.52  0.02  0.00  
 17  0.55  0.00  0.00  
 18  0.58  0.00  0.00  
 19  0.62  0.00  0.00  
 20  0.65  0.00  0.00  
 21  0.68  0.00  0.00  
 22  0.72  0.00  0.00  
 23  0.75  0.00  0.00  
 24  0.78  0.00  0.00  
 25  0.82  0.00  0.00  
 26  0.85  0.00  0.00  
 27  0.88  0.00  0.00  
 28  0.92  0.00  0.00  
 29  0.95  0.00  0.00  
 30  0.98  0.00  0.00  
1 Dimensionless distance normalized by total length of column 
2 Normalized concentration 
3 Viscosity
1
2 
3 
4 
5 
7 
8 
6 
9 
10 
11
12
13 
14
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25
26
27
28
29
30
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Table A2-5. (continued) Test 20 data and results 
 
Time Dist.1 Visc.3 Picture 
(hr) 
Port 
#  
Cl- 
Conc.2 
CS 
Conc.2 (cP)  
10.05 1  0.02  1.00  1.00 2.40 
 2  0.05  1.00  1.00  
 3  0.08  1.00  1.00  
 4  0.12  1.00  1.00  
 5  0.15  1.00  1.00  
 6  0.18  1.00  1.00  
 7  0.22  1.00  1.00  
 8  0.25  1.00  1.00  
 9  0.28  1.00  1.00  
 10  0.32  1.00  1.00  
 11  0.35  1.00  1.00  
 12  0.38  1.00  1.00  
 13  0.42  1.00  1.00  
 14  0.45  1.00  1.00  
 15  0.48  0.97  0.91  
 16  0.52  0.25  0.29  
 17  0.55  0.02  0.03  
 18  0.58  0.00  0.00  
 19  0.62  0.00  0.00  
 20  0.65  0.00  0.00  
 21  0.68  0.00  0.00  
 22  0.72  0.00  0.00  
 23  0.75  0.00  0.00  
 24  0.78  0.00  0.00  
 25  0.82  0.00  0.00  
 26  0.85  0.00  0.00  
 27  0.88  0.00  0.00  
 28  0.92  0.00  0.00  
 29  0.95  0.00  0.00  
 30  0.98  0.00  0.00  
1 Dimensionless distance normalized by total length of column 
2 Normalized concentration 
3 Viscosity
1
2 
3 
4 
5 
7 
8 
6 
9 
10 
11
12
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25
26
27
28
29
30
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Table A2-5. (continued) Test 20 data and results 
 
Time Dist.1 Visc.3 Picture 
(hr) 
Port 
#  
Cl- 
Conc.2 
CS 
Conc.2 (cP)  
11.43 1  0.02  1.00  1.00 2.40 
 2  0.05  1.00  1.00  
 3  0.08  1.00  1.00  
 4  0.12  1.00  1.00  
 5  0.15  1.00  1.00  
 6  0.18  1.00  1.00  
 7  0.22  1.00  1.00  
 8  0.25  1.00  1.00  
 9  0.28  1.00  1.00  
 10  0.32  1.00  1.00  
 11  0.35  1.00  1.00  
 12  0.38  1.00  1.00  
 13  0.42  1.00  1.00  
 14  0.45  1.00  1.00  
 15  0.48  1.00  1.00  
 16  0.52  0.97  1.00  
 17  0.55  0.92  0.91  
 18  0.58  0.04  0.06  
 19  0.62  0.00  0.00  
 20  0.65  0.00  0.00  
 21  0.68  0.00  0.00  
 22  0.72  0.00  0.00  
 23  0.75  0.00  0.00  
 24  0.78  0.00  0.00  
 25  0.82  0.00  0.00  
 26  0.85  0.00  0.00  
 27  0.88  0.00  0.00  
 28  0.92  0.00  0.00  
 29  0.95  0.00  0.00  
 30  0.98  0.00  0.00  
1 Dimensionless distance normalized by total length of column 
2 Normalized concentration 
3 Viscosity
1
2 
3 
4 
5 
7 
8 
6 
9 
10 
11
12
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25
26
27
28
29
30
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Table A2-5. (continued) Test 20 data and results 
 
Time Dist.1 Visc.3 Picture 
(hr) 
Port 
#  
Cl- 
Conc.2 
CS 
Conc.2 (cP)  
12.05 1  0.02  1.00  1.00 2.40 
 2  0.05  1.00  1.00  
 3  0.08  1.00  1.00  
 4  0.12  1.00  1.00  
 5  0.15  1.00  1.00  
 6  0.18  1.00  1.00  
 7  0.22  1.00  1.00  
 8  0.25  1.00  1.00  
 9  0.28  1.00  1.00  
 10  0.32  1.00  1.00  
 11  0.35  1.00  1.00  
 12  0.38  1.00  1.00  
 13  0.42  1.00  1.00  
 14  0.45  1.00  1.00  
 15  0.48  1.00  1.00  
 16  0.52  1.00  1.00  
 17  0.55  1.00  0.91  
 18  0.58  0.57  0.58  
 19  0.62  0.02  0.03  
 20  0.65  0.00  0.00  
 21  0.68  0.00  0.00  
 22  0.72  0.00  0.00  
 23  0.75  0.00  0.00  
 24  0.78  0.00  0.00  
 25  0.82  0.00  0.00  
 26  0.85  0.00  0.00  
 27  0.88  0.00  0.00  
 28  0.92  0.00  0.00  
 29  0.95  0.00  0.00  
 30  0.98  0.00  0.00  
1 Dimensionless distance normalized by total length of column 
2 Normalized concentration 
3 Viscosity 
1
2 
3 
4 
5 
7 
8 
6 
9 
10 
11
12
13 
14
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25
26
27
28
30
29
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Table A2-5. (continued) Test 20 data and results 
 
Time Dist.1 Visc.3 Picture 
(hr) 
Port 
#  
Cl- 
Conc.2 
CS 
Conc.2 (cP)  
13.33 1  0.02  1.00  1.00 2.40 
 2  0.05  1.00  1.00  
 3  0.08  1.00  1.00  
 4  0.12  1.00  1.00  
 5  0.15  1.00  1.00  
 6  0.18  1.00  1.00  
 7  0.22  1.00  1.00  
 8  0.25  1.00  1.00  
 9  0.28  1.00  1.00  
 10  0.32  1.00  1.00  
 11  0.35  1.00  1.00  
 12  0.38  1.00  1.00  
 13  0.42  1.00  1.00  
 14  0.45  1.00  1.00  
 15  0.48  1.00  1.00  
 16  0.52  1.00  1.00  
 17  0.55  1.00  1.00  
 18  0.58  1.00  0.97  
 19  0.62  0.60  0.60  
 20  0.65  0.02  0.00  
 21  0.68  0.00  0.00  
 22  0.72  0.00  0.00  
 23  0.75  0.00  0.00  
 24  0.78  0.00  0.00  
 25  0.82  0.00  0.00  
 26  0.85  0.00  0.00  
 27  0.88  0.00  0.00  
 28  0.92  0.00  0.00  
 29  0.95  0.00  0.00  
 30  0.98  0.00  0.00  
1 Dimensionless distance normalized by total length of column 
2 Normalized concentration 
3 Viscosity
1
2 
3 
4 
5 
7 
8 
6 
9 
10 
11
12
13 
14
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25
26
27
28
30
29
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Table A2-5. (continued) Test 20 data and results 
 
Time Dist.1 Visc.3 Picture 
(hr) 
Port 
#  
Cl- 
Conc.2 
CS 
Conc.2 (cP)  
14.00 1  0.02  1.00  1.00 2.40 
 2  0.05  1.00  1.00  
 3  0.08  1.00  1.00  
 4  0.12  1.00  1.00  
 5  0.15  1.00  1.00  
 6  0.18  1.00  1.00  
 7  0.22  1.00  1.00  
 8  0.25  1.00  1.00  
 9  0.28  1.00  1.00  
 10  0.32  1.00  1.00  
 11  0.35  1.00  1.00  
 12  0.38  1.00  1.00  
 13  0.42  1.00  1.00  
 14  0.45  1.00  1.00  
 15  0.48  1.00  1.00  
 16  0.52  1.00  1.00  
 17  0.55  1.00  1.00  
 18  0.58  1.00  1.00  
 19  0.62  0.98  0.91  
 20  0.65  0.42  0.45  
 21  0.68  0.02  0.03  
 22  0.72  0.00  0.00  
 23  0.75  0.00  0.00  
 24  0.78  0.00  0.00  
 25  0.82  0.00  0.00  
 26  0.85  0.00  0.00  
 27  0.88  0.00  0.00  
 28  0.92  0.00  0.00  
 29  0.95  0.00  0.00  
 30  0.98  0.00  0.00  
1 Dimensionless distance normalized by total length of column 
2 Normalized concentration 
3 Viscosity
1
2 
3 
4 
5 
7 
8 
6 
9 
10 
11
12
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25
26
27
28
30
29
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Table A2-5. (continued) Test 20 data and results 
 
Time Dist.1 Visc.3 Picture 
(hr) 
Port 
#  
Cl- 
Conc.2 
CS 
Conc.2 (cP)  
14.68 1  0.02  1.00  1.00 2.40 
 2  0.05  1.00  1.00  
 3  0.08  1.00  1.00  
 4  0.12  1.00  1.00  
 5  0.15  1.00  1.00  
 6  0.18  1.00  1.00  
 7  0.22  1.00  1.00  
 8  0.25  1.00  1.00  
 9  0.28  1.00  1.00  
 10  0.32  1.00  1.00  
 11  0.35  1.00  1.00  
 12  0.38  1.00  1.00  
 13  0.42  1.00  1.00  
 14  0.45  1.00  1.00  
 15  0.48  1.00  1.00  
 16  0.52  1.00  1.00  
 17  0.55  1.00  1.00  
 18  0.58  1.00  1.00  
 19  0.62  1.00  1.00  
 20  0.65  0.99  0.94  
 21  0.68  0.25  0.26  
 22  0.72  0.02  0.03  
 23  0.75  0.00  0.00  
 24  0.78  0.00  0.00  
 25  0.82  0.00  0.00  
 26  0.85  0.00  0.00  
 27  0.88  0.00  0.00  
 28  0.92  0.00  0.00  
 29  0.95  0.00  0.00  
 30  0.98  0.00  0.00  
1 Dimensionless distance normalized by total length of column 
2 Normalized concentration 
3 Viscosity
1
2 
3 
4 
5 
7 
8 
6 
9 
10 
11
12
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25
26
27
28
30
29
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Table A2-5. (continued) Test 20 data and results 
 
Time Dist.1 Visc.3 Picture 
(hr) 
Port 
#  
Cl- 
Conc.2 
CS 
Conc.2 (cP)  
15.60 1  0.02  1.00  1.00 2.40 
 2  0.05  1.00  1.00  
 3  0.08  1.00  1.00  
 4  0.12  1.00  1.00  
 5  0.15  1.00  1.00  
 6  0.18  1.00  1.00  
 7  0.22  1.00  1.00  
 8  0.25  1.00  1.00  
 9  0.28  1.00  1.00  
 10  0.32  1.00  1.00  
 11  0.35  1.00  1.00  
 12  0.38  1.00  1.00  
 13  0.42  1.00  1.00  
 14  0.45  1.00  1.00  
 15  0.48  1.00  1.00  
 16  0.52  1.00  1.00  
 17  0.55  1.00  1.00  
 18  0.58  1.00  1.00  
 19  0.62  1.00  1.00  
 20  0.65  1.00  1.00  
 21  0.68  0.97  0.94  
 22  0.72  0.18  0.19  
 23  0.75  0.02  0.00  
 24  0.78  0.00  0.00  
 25  0.82  0.00  0.00  
 26  0.85  0.00  0.00  
 27  0.88  0.00  0.00  
 28  0.92  0.00  0.00  
 29  0.95  0.00  0.00  
 30  0.98  0.00  0.00  
1 Dimensionless distance normalized by total length of column 
2 Normalized concentration 
3 Viscosity
1
2 
3 
4 
5 
7 
8 
6 
9 
10 
11
12
13 
14
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25
26
27
28
30
29
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Table A2-5. (continued) Test 20 data and results 
 
Time Dist.1 Visc.3 Picture 
(hr) 
Port 
#  
Cl- 
Conc.2 
CS 
Conc.2 (cP)  
16.90 1  0.02  1.00  1.00 2.40 
 2  0.05  1.00  1.00  
 3  0.08  1.00  1.00  
 4  0.12  1.00  1.00  
 5  0.15  1.00  1.00  
 6  0.18  1.00  1.00  
 7  0.22  1.00  1.00  
 8  0.25  1.00  1.00  
 9  0.28  1.00  1.00  
 10  0.32  1.00  1.00  
 11  0.35  1.00  1.00  
 12  0.38  1.00  1.00  
 13  0.42  1.00  1.00  
 14  0.45  1.00  1.00  
 15  0.48  1.00  1.00  
 16  0.52  1.00  1.00  
 17  0.55  1.00  1.00  
 18  0.58  1.00  1.00  
 19  0.62  1.00  1.00  
 20  0.65  1.00  1.00  
 21  0.68  1.00  1.00  
 22  0.72  0.97  0.94  
 23  0.75  0.32  0.38  
 24  0.78  0.02  0.00  
 25  0.82  0.00  0.00  
 26  0.85  0.00  0.00  
 27  0.88  0.00  0.00  
 28  0.92  0.00  0.00  
 29  0.95  0.00  0.00  
 30  0.98  0.00  0.00  
1 Dimensionless distance normalized by total length of column 
2 Normalized concentration 
3 Viscosity
1
2 
3 
4 
5 
7 
8 
6 
9 
10 
11
12
13 
14
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25
26
27
28
30
29
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Table A2-5. (continued) Test 20 data and results 
 
Time Dist.1 Visc.3 Picture 
(hr) 
Port 
#  
Cl- 
Conc.2 
CS 
Conc.2 (cP)  
18.05 1  0.02  1.00  1.00 2.40 
 2  0.05  1.00  1.00  
 3  0.08  1.00  1.00  
 4  0.12  1.00  1.00  
 5  0.15  1.00  1.00  
 6  0.18  1.00  1.00  
 7  0.22  1.00  1.00  
 8  0.25  1.00  1.00  
 9  0.28  1.00  1.00  
 10  0.32  1.00  1.00  
 11  0.35  1.00  1.00  
 12  0.38  1.00  1.00  
 13  0.42  1.00  1.00  
 14  0.45  1.00  1.00  
 15  0.48  1.00  1.00  
 16  0.52  1.00  1.00  
 17  0.55  1.00  1.00  
 18  0.58  1.00  1.00  
 19  0.62  1.00  1.00  
 20  0.65  1.00  1.00  
 21  0.68  1.00  1.00  
 22  0.72  1.00  1.00  
 23  0.75  0.93  0.92  
 24  0.78  0.24  0.25  
 25  0.82  0.02  0.00  
 26  0.85  0.00  0.00  
 27  0.88  0.00  0.00  
 28  0.92  0.00  0.00  
 29  0.95  0.00  0.00  
 30  0.98  0.00  0.00  
1 Dimensionless distance normalized by total length of column 
2 Normalized concentration 
3 Viscosity
1
2 
3 
4 
5 
7 
8 
6 
9 
10 
11
12
13 
14
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25
26
27
28
30
29
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Table A2-5. (continued) Test 20 data and results 
 
Time Dist.1 Visc.3 Picture 
(hr) 
Port 
#  
Cl- 
Conc.2 
CS 
Conc.2 (cP)  
19.60 1  0.02  1.00  1.00 2.40 
 2  0.05  1.00  1.00  
 3  0.08  1.00  1.00  
 4  0.12  1.00  1.00  
 5  0.15  1.00  1.00  
 6  0.18  1.00  1.00  
 7  0.22  1.00  1.00  
 8  0.25  1.00  1.00  
 9  0.28  1.00  1.00  
 10  0.32  1.00  1.00  
 11  0.35  1.00  1.00  
 12  0.38  1.00  1.00  
 13  0.42  1.00  1.00  
 14  0.45  1.00  1.00  
 15  0.48  1.00  1.00  
 16  0.52  1.00  1.00  
 17  0.55  1.00  1.00  
 18  0.58  1.00  1.00  
 19  0.62  1.00  1.00  
 20  0.65  1.00  1.00  
 21  0.68  1.00  1.00  
 22  0.72  1.00  1.00  
 23  0.75  1.00  1.00  
 24  0.78  0.94  0.92  
 25  0.82  0.44  0.43  
 26  0.85  0.03  0.03  
 27  0.88  0.00  0.00  
 28  0.92  0.00  0.00  
 29  0.95  0.00  0.00  
 30  0.98  0.00  0.00  
1 Dimensionless distance normalized by total length of column 
2 Normalized concentration 
3 Viscosity 
 
 
1
2 
3 
4 
5 
7 
8 
6 
9 
10 
11
12
13 
14
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25
26
27
28
30
29
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Table A2-5. (continued) Test 20 data and results 
 
Time Dist.1 Visc.3 Picture 
(hr) 
Port 
#  
Cl- 
Conc.2 
CS 
Conc.2 (cP)  
20.35 1  0.02  1.00  1.00 2.40 
 2  0.05  1.00  1.00  
 3  0.08  1.00  1.00  
 4  0.12  1.00  1.00  
 5  0.15  1.00  1.00  
 6  0.18  1.00  1.00  
 7  0.22  1.00  1.00  
 8  0.25  1.00  1.00  
 9  0.28  1.00  1.00  
 10  0.32  1.00  1.00  
 11  0.35  1.00  1.00  
 12  0.38  1.00  1.00  
 13  0.42  1.00  1.00  
 14  0.45  1.00  1.00  
 15  0.48  1.00  1.00  
 16  0.52  1.00  1.00  
 17  0.55  1.00  1.00  
 18  0.58  1.00  1.00  
 19  0.62  1.00  1.00  
 20  0.65  1.00  1.00  
 21  0.68  1.00  1.00  
 22  0.72  1.00  1.00  
 23  0.75  1.00  1.00  
 24  0.78  1.00  1.00  
 25  0.82  0.90  0.89  
 26  0.85  0.30  0.31  
 27  0.88  0.02  0.00  
 28  0.92  0.00  0.00  
 29  0.95  0.00  0.00  
 30  0.98  0.00  0.00  
1 Dimensionless distance normalized by total length of column 
2 Normalized concentration 
3 Viscosity
1
2 
3 
4 
5 
7 
8 
6 
9 
10 
11
12
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25
26
27
28
30
29
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Table A2-5. (continued) Test 20 data and results 
 
Time Dist.1 Visc.3 Picture 
(hr) 
Port 
#  
Cl- 
Conc.2 
CS 
Conc.2 (cP)  
21.35 1  0.02  1.00  1.00 2.40 
 2  0.05  1.00  1.00  
 3  0.08  1.00  1.00  
 4  0.12  1.00  1.00  
 5  0.15  1.00  1.00  
 6  0.18  1.00  1.00  
 7  0.22  1.00  1.00  
 8  0.25  1.00  1.00  
 9  0.28  1.00  1.00  
 10  0.32  1.00  1.00  
 11  0.35  1.00  1.00  
 12  0.38  1.00  1.00  
 13  0.42  1.00  1.00  
 14  0.45  1.00  1.00  
 15  0.48  1.00  1.00  
 16  0.52  1.00  1.00  
 17  0.55  1.00  1.00  
 18  0.58  1.00  1.00  
 19  0.62  1.00  1.00  
 20  0.65  1.00  1.00  
 21  0.68  1.00  1.00  
 22  0.72  1.00  1.00  
 23  0.75  1.00  1.00  
 24  0.78  1.00  1.00  
 25  0.82  1.00  1.00  
 26  0.85  0.94  0.92  
 27  0.88  0.32  0.32  
 28  0.92  0.02  0.00  
 29  0.95  0.00  0.00  
 30  0.98  0.00  0.00  
1 Dimensionless distance normalized by total length of column 
2 Normalized concentration 
3 Viscosity
1
2 
3 
4 
5 
7 
8 
6 
9 
10 
11
12
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25
26
27
28
30
29
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Table A2-5. (continued) Test 20 data and results 
 
Time Dist.1 Visc.3 Picture 
(hr) 
Port 
#  
Cl- 
Conc.2 
CS 
Conc.2 (cP)  
22.52 1  0.02  1.00  1.00 2.40 
 2  0.05  1.00  1.00  
 3  0.08  1.00  1.00  
 4  0.12  1.00  1.00  
 5  0.15  1.00  1.00  
 6  0.18  1.00  1.00  
 7  0.22  1.00  1.00  
 8  0.25  1.00  1.00  
 9  0.28  1.00  1.00  
 10  0.32  1.00  1.00  
 11  0.35  1.00  1.00  
 12  0.38  1.00  1.00  
 13  0.42  1.00  1.00  
 14  0.45  1.00  1.00  
 15  0.48  1.00  1.00  
 16  0.52  1.00  1.00  
 17  0.55  1.00  1.00  
 18  0.58  1.00  1.00  
 19  0.62  1.00  1.00  
 20  0.65  1.00  1.00  
 21  0.68  1.00  1.00  
 22  0.72  1.00  1.00  
 23  0.75  1.00  1.00  
 24  0.78  1.00  1.00  
 25  0.82  1.00  1.00  
 26  0.85  1.00  1.00  
 27  0.88  0.95  0.93  
 28  0.92  0.58  0.59  
 29  0.95  0.04  0.03  
 30  0.98  0.00  0.00  
1 Dimensionless distance normalized by total length of column 
2 Normalized concentration 
3 Viscosity
1
2 
3 
4 
5 
7 
8 
6 
9 
10 
11
12
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25
26
27
28
30
29
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Table A2-5. (continued) Test 20 data and results 
 
Time Dist.1 Visc.3 Picture 
(hr) 
Port 
#  
Cl- 
Conc.2 
CS 
Conc.2 (cP)  
23.18 1  0.02  1.00  1.00 2.40 
 2  0.05  1.00  1.00  
 3  0.08  1.00  1.00  
 4  0.12  1.00  1.00  
 5  0.15  1.00  1.00  
 6  0.18  1.00  1.00  
 7  0.22  1.00  1.00  
 8  0.25  1.00  1.00  
 9  0.28  1.00  1.00  
 10  0.32  1.00  1.00  
 11  0.35  1.00  1.00  
 12  0.38  1.00  1.00  
 13  0.42  1.00  1.00  
 14  0.45  1.00  1.00  
 15  0.48  1.00  1.00  
 16  0.52  1.00  1.00  
 17  0.55  1.00  1.00  
 18  0.58  1.00  1.00  
 19  0.62  1.00  1.00  
 20  0.65  1.00  1.00  
 21  0.68  1.00  1.00  
 22  0.72  1.00  1.00  
 23  0.75  1.00  1.00  
 24  0.78  1.00  1.00  
 25  0.82  1.00  1.00  
 26  0.85  1.00  1.00  
 27  0.88  1.00  1.00  
 28  0.92  0.94  0.92  
 29  0.95  0.38  0.37  
 30  0.98  0.03  0.00  
1 Dimensionless distance normalized by total length of column 
2 Normalized concentration 
3 Viscosity
1
2 
3 
4 
5 
7 
8 
6 
9 
10 
11
12
13 
14
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25
26
27
28
30
29
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Table A2-5. (continued) Test 20 data and results 
 
Time Dist.1 Visc.3 Picture 
(hr) 
Port 
#  
Cl- 
Conc.2 
CS 
Conc.2 (cP)  
23.93 1  0.02  1.00  1.00 2.40 
 2  0.05  1.00  1.00  
 3  0.08  1.00  1.00  
 4  0.12  1.00  1.00  
 5  0.15  1.00  1.00  
 6  0.18  1.00  1.00  
 7  0.22  1.00  1.00  
 8  0.25  1.00  1.00  
 9  0.28  1.00  1.00  
 10  0.32  1.00  1.00  
 11  0.35  1.00  1.00  
 12  0.38  1.00  1.00  
 13  0.42  1.00  1.00  
 14  0.45  1.00  1.00  
 15  0.48  1.00  1.00  
 16  0.52  1.00  1.00  
 17  0.55  1.00  1.00  
 18  0.58  1.00  1.00  
 19  0.62  1.00  1.00  
 20  0.65  1.00  1.00  
 21  0.68  1.00  1.00  
 22  0.72  1.00  1.00  
 23  0.75  1.00  1.00  
 24  0.78  1.00  1.00  
 25  0.82  1.00  1.00  
 26  0.85  1.00  1.00  
 27  0.88  1.00  1.00  
 28  0.92  1.00  1.00  
 29  0.95  0.90  0.87  
 30  0.98  0.19  0.22  
1 Dimensionless distance normalized by total length of column 
2 Normalized concentration 
3 Viscosity
1
2 
3 
4 
5 
7 
8 
6 
9 
10 
11
12
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25
26
27
28
30
29
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Table A2-5. (continued) Test 20 data and results 
 
Time Dist.1 Visc.3 Picture 
(hr) 
Port 
#  
Cl- 
Conc.2 
CS 
Conc.2 (cP)  
24.60 1  0.02  1.00  1.00 2.40 
 2  0.05  1.00  1.00  
 3  0.08  1.00  1.00  
 4  0.12  1.00  1.00  
 5  0.15  1.00  1.00  
 6  0.18  1.00  1.00  
 7  0.22  1.00  1.00  
 8  0.25  1.00  1.00  
 9  0.28  1.00  1.00  
 10  0.32  1.00  1.00  
 11  0.35  1.00  1.00  
 12  0.38  1.00  1.00  
 13  0.42  1.00  1.00  
 14  0.45  1.00  1.00  
 15  0.48  1.00  1.00  
 16  0.52  1.00  1.00  
 17  0.55  1.00  1.00  
 18  0.58  1.00  1.00  
 19  0.62  1.00  1.00  
 20  0.65  1.00  1.00  
 21  0.68  1.00  1.00  
 22  0.72  1.00  1.00  
 23  0.75  1.00  1.00  
 24  0.78  1.00  1.00  
 25  0.82  1.00  1.00  
 26  0.85  1.00  1.00  
 27  0.88  1.00  1.00  
 28  0.92  1.00  1.00  
 29  0.95  0.94  0.92  
 30  0.98  0.60  0.59  
--- 
1 Dimensionless distance normalized by total length of column 
2 Normalized concentration 
3 Viscosity
 343
Table A2-5. (continued) Test 20 data and results 
 
Time Dist.1 Visc.3 Picture 
(hr) 
Port 
#  
Cl- 
Conc.2 
CS 
Conc.2 (cP)  
25.68 1  0.02  0.99  0.96 2.40 
 2  0.05  0.99  0.95  
 3  0.08  0.99  0.95  
 4  0.12  1.00  0.98  
 5  0.15  0.99  0.95  
 6  0.18  0.99  0.95  
 7  0.22  0.97  0.98  
 8  0.25  0.97  0.93  
 9  0.28  0.96  0.98  
 10  0.32  0.96  0.98  
 11  0.35  0.97  0.97  
 12  0.38  0.98  0.95  
 13  0.42  0.99  0.97  
 14  0.45  0.98  0.98  
 15  0.48  0.98  0.96  
 16  0.52  0.98  0.92  
 17  0.55  0.99  0.99  
 18  0.58  1.00  0.99  
 19  0.62  1.00  0.97  
 20  0.65  0.97  0.94  
 21  0.68  0.97  0.94  
 22  0.72  0.97  0.96  
 23  0.75  1.00  0.98  
 24  0.78  1.00  0.98  
 25  0.82  0.96  0.94  
 26  0.85  0.97  0.98  
 27  0.88  0.99  0.98  
 28  0.92  0.98  1.00  
 29  0.95  0.97  0.94  
 30  0.98  1.00  0.98  
1 Dimensionless distance normalized by total length of column 
2 Normalized concentration 
3 Viscosity 
 
 
1
2 
3 
4 
5 
7 
8 
6 
9 
10 
11
12
13 
14
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25
26
27
28
30
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